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MAULER NETO, Martim, Análise Dinâmica de Chapas Trincadas com Reparos de Material 
Compósito Utilizando o Método dos Elementos de Contorno, Campinas: Faculdade de 
Engenharia Mecânica, Universidade Estadual de Campinas, 2009. 104 p. Dissertação 
(Mestrado) 
 
  O objetivo deste trabalho é desenvolver uma ferramenta computacional para a análise 
dinâmica de chapas trincadas com reparos de material compósito colados. O método numérico a 
ser empregado para a modelagem do problema de mecânica da fratura da chapa, é o Método Dual 
de Elementos de Contorno (DMEC), que permite modelar a chapa em uma única região aplicando 
uma equação integral de deslocamentos em uma das faces da trinca, e uma equação integral de 
forças de superfície na outra face da trinca. As forças de corpo devido às massas da chapa e do 
reparo sob solicitação dinâmica serão modeladas através da técnica do Método de Dupla 
Reciprocidade de Elementos de Contorno (DRMEC), que permite a utilização de soluções 
fundamentais da elastoestática para a análise de problemas da elastodinâmica. O acoplamento 
entre a chapa metálica isotrópica e a chapa de laminado compósito anisotrópico, será modelado 
pela técnica do DRMEC para a análise de esforços devidos ao cisalhamento no adesivo. A tensão 
de cisalhamento no adesivo será calculada pela diferença de deslocamentos entre a chapa metálica 
e o compósito. Os efeitos dinâmicos de intensidade de tensão serão calculados por técnicas 
baseadas no deslocamento relativo das faces da trinca e por integrais de energia de domínio 
(EDI). 
 
Palavras Chave: Materiais Compósitos, Anisotropia, Mecânica da Fratura, Elementos de 










MAULER NETO, Martim, Dynamic Analysis of Cracked Sheets Repaired with Composite 
Patches Using Boundary Elements Method, Campinas: Faculdade de Engenharia Mecânica, 
Universidade Estadual de Campinas, 2009. 104 p. Dissertação (Mestrado) 
 
The aim of this paper is to present the formulation and matrix implementation of a dynamic 
analysis of cracked sheets repaired with adhesively bonded composite patches. The numerical 
method that is used for modelling the problem of fracture mechanics is the dual boundary 
elements method (DBEM), which allows the modelling of a cracked sheet in a single region. This 
method uses a displacement integral equation in one of the sides of the crack surface and a 
traction integral equation in the other side of the crack surface. The body forces, due to the 
inertial effects of the sheet and the repair, and the interaction effect between the sheet and the 
anisotropic patch, are modelled using the dual reciprocity boundary elements method (DRBEM) 
technique, which allows the use of fundamental solutions from the elastostatics into problems of 
elastodynamics. The coupling between the isotropic metallic sheet and the anisotropic composite 
repair is modelled by the DBEM technique, in order to obtain the shear stress distribution in the 
adhesive layer. The shear stresses in the adhesive layer are obtained by the difference of nodal 
displacements between the sheet and the repair. The dynamic effects on the stress intensity factors 
are calculated by techniques based on the relative displacement of the crack faces and energy 
domain integration (EDI). 
 
 
Key Words: Composite Materials, Anisotropy, Fracture Mechanics, Boundary Element Method, 
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uα = ϕα,ββ − 1
2 (1− ν)ϕβ,αβ. 67,QR9










!$%)0 ϕα 4 ' 1!&.!$)$() α %! F)(!* %) N'+)*O"$0 )& ;<'+;<)* .!$(! %! %!&A$"!0 ;<'$%!
<&' 1'*>' <$"(?*"' 1!$1)$(*'%' 4 '.+"1'%' )& <& .!$(! i 1!& %"*)3/! β, S %)#+!1'&)$(!





 !"# uβα $ % & '( !#!)# α " "#*+ &%'#!) #' ,-%+,-#. ( !) " " '/!0 ,-%!" -'%
&%.1% -!0)2.0% & !&#!).%"% $ %(+0&%"% #' -' ( !) i & ' "0.#34 β5 6)0+07%!" % "#fi!034 
"%"% (#+% #,59:5;<=> % #,59:5;:= ( "# *#. .##*&.0)% !% ? .'%@
u∗αβ = ϕαβ,γγ −
1
2 1− ν ϕαγ,βγ . 9:5;A=
B-C*)0)-0!" % #,9:5;;= !% #,59:5;A=>  C)$'D*# % * +-34 ?-!"%'#!)%+ "# "#*+ &%'#!) * (%.%
#+%*)0&0"%"# +0!#%. 0* ).E(0&% (%.% #*)%" (+%! "# )#!*4 > ,-# $ "%"% ( . F:<G@
Uαβ =
1














= ν/ (1 + ν)5
I# '%!#0.% *#'#+J%!)#> % * +-34 ?-!"%'#!)%+ "# ? .3%* "# *-(#.?/&0# (%.% #+%*)0&0"%"# +0!#%.
0* ).E(0&% (%.% #*)%" (+%! "# )#!*4 $ "%"% ( . F:<G@
Tαβ =
1




















 !"#! $%&'#()* + ,!-#% (.% /!0-"1* 2% #!*/-% 2! !)%"#-$-2%2! %&)-$%2% % .%#!/-%-" %3-"*#/4&-5
$*"6 7 $%&'#()* "! -3-$-% $*. % 2!fi3-91* :;"-$% 2%" /!)%9<!" 2! #!3"1* ! 2!,*/.%91* &%/%
.%#!/-%-" !);"#-$*" %3-"*#/4&-$*"6 7 #!3"*/ 2! #!3"<!" ! !=&/!""<!" &%/% $*.&*3!3#!" 2!
2!")*$%.!3#* "1* !"#%:!)!$-2%"6 >. $%"* !"&!$'fi$* 2! /!)%91* 2! #!3"1* 2!,*/.%91* &%/%
)%.-3%2*" */#*#/4&-$*" + %&/!"!3#%2* $*.* :%"! &%/% *:#!391* 2! /!)%9<!" 2! #!3"1* 2!,*/5
.%91* ?!3!/%)-@%2% &%/% )%.-3%2*" */#*#/4&-$*"6 A*"#!/-*/.!3#!B %" "*)(9<!" ,(32%.!3#%-"
2! 2!")*$%.!3#* ! ,*/9%" 2! "(&!/,'$-! &%/% !)%"#-$-2%2! &)%3% %3-"*#/4&-$% + %&/!"!3#%2%6
C"#! $%&'#()* + :%"!%2* 3*" #/%:%)D*" 2! E):(F(!/F(! GHI ! >"!$D! GJKI6
 !, -./0%121(/(3 4$10'%&5612/
 % #!*/-% 2! !)%"#-$-2%2! %3-"*#/4&-$%B % /!)%91* 2! #!3"1* 2!,*/.%91* &*2! "!/ !"$/-#% 2!
,*/.% ?!3!/%)-@%2% $*.*L
σij = Cijklεkl, MJ6HN
*32! Cijkl + (. #!3"*/ 2! F(%/#% */2!. $*3D!$-2* $*.* #!3"*/ 2! $*3"#%3#!" !);"#-$%" $*.
KH $*.&*3!3#!"6 O!0-2* % /!"#-9<!" 2! "-.!#/-% ! % !=-"#P3$-% 2% ,(391* 2! !3!/?-% 2! 2!,*/5
.%91*B %" "!?(-3#!" /!"#/-9<!" "1* 3!$!"";/-%"L
Cijkl = Cjikl
HQ
Cijkl = Cijlk.  !"#$
Cijkl = Cklij
%&'(& )*+,-./0& 10,2304 * +5401* ,0 )*+&'(+'0& 067&'-)(& ,0 89 :(1( #9" ;*4*< ( ,-10.=*
:1-+)-:(6 ,* '0+&*1 ,0 '0+&/0& +=* '04 +0)0&&(1-(40+'0 ( 40&4( ,-10.=* :1-+)-:(6 ,* '0+&*1
,0 ,0>*14(./0&< &*40+'0 98 ,(& #9 )*+&'(+'0& 067&'-)(& &=* -+,0:0+,0+'0& ?#!@" ;*+&-,01(+,*














C1111 C1122 C1133 C1123 C1113 C1112
C1122 C2222 C2233 C2223 C2213 C2212
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2S1123 2S2223 2S3323 4S2323 4S2313 4S2312
2S1113 2S2213 2S3313 4S2313 4S1313 4S1312






























a11 a12 a13 a14 a15 a16
a21 a22 a23 a24 a25 a26
a31 a32 a33 a34 a35 a36
a41 a42 a43 a44 a45 a46
a51 a52 a53 a54 a55 a56
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$- *+!")' *!,!+$+)' !)' *+!")' *,&"%&*!&' ($ $+!' &%&(!($: %!6'!(!' *),  $"'?$'  !"#$"%&!&'
;6$ ! 6!- $- *+!")' *!,!+$+)' !)' *+!")' *,&"%&*!&' ($ $+!' &%&(!($1
E- $' !() *+!") ($  $"'3) (σ3 = σ4 = σ5 = 0): ;6!+;6$, -! $,&!+ *)($ '$, $<*,$'') 6 &@





















M6N' & 6&"() !' $;1HO1/J $ $;1HI1/J "! $;1HO1IJ: )N 9-@'$ ! $;6!>3) ($ $;6&+PN,&) $'%,& ! $-
=6">3) ()' ($'+)%!-$" )'K
Cijkluk,jl + pi = 0, HI1//J
)"($K
pi = ρ (bi − u¨) , HI1/OJ
9 )  $,-) ;6$ %)" $- !' =),>!' ($ %),*)1
 ! "#$%&'( )' *'$(+, )' -./0
Q!  $),&! ($ $+!' &%&(!($ !"&') ,R*&%!: )  $"'), ($  $"'?$' *)($ '$, $'%,& ) "! =),-! ($
=6">?$' ($  $"'3) ($ 2&,S F (x1, x2) (!(!' *), .OI0K
σ11 = F,22 +Υ
σ22 = F,11 +Υ, HI1/IJ
/T
σ12 = −F,21
 !"# Υ $ %&' (%!)* + ,#!-.'/ "'"' + 01
Υ,i = pi. 234567
8%9:,.,%.!" ' #;4234537 !' #;42345<7 # !' #;%')* "# - &+',.9./."'"# 2=4=7>  9,$&?:# '
#;%')* ".(#0#!-.'/ +'0' ' (%!)* "# ,#!:* F (x1, x2)1
a11F,2222 − 2a16F,1222 + (2a12 + a66)F,1122 − 2a26F,1112 + a22F,1111 =
− (a12 + a22)Υ,11 + (a16 + a26)Υ,12 − (−a11 + a12)Υ,22 . 2345@7
A -': +'0,.-%/'0  !"# pi = 0> ' #;%')* '-.&' + "# :#0 #:-0.,' +'0' '!B/.:# #:,B,.-' - & 1
a11F,2222 − 2a16F,1222 + (2a12 + a66)F,1122 − 2a26F,1112 + a22F,1111 = 0. 2345C7







# '+/.-'!" #:,#  +#0'" 0 !' (%!)* "# ,#!:* F (x1, x2)1
∆1∆2∆3∆4F = 0, 2345G7
# #H+'!".!" #:,' #;%')* >  9,$&?:#1
F,2222 − (µ1µ2µ3µ4)F,1222
+(µ1µ2 + µ1µ2µ3µ4 + µ2µ3 + µ2µ4 + µ3µ4)F,1122
− (µ1µ2µ3 + µ1µ2µ4 + µ1µ3µ4 + µ2µ3µ4)F,1112
+(µ1µ2µ3µ4)F,1111 = 0
. 2345I7
J: #;42345C7 # #;42345I7 :#0* .K%'.: :# µ1> µ2> µ3 # µ4 ( 0#& 0'LM#: "' #;%')* 1
a11µ
4 − 2a16µ3 + (2a12 + a66)µ2 − 2a26µ+ a22 = 0. 234=<7
5C
 ! "#$%&! '# &()*+),-. /#"# (0#1(0&" 2#!3 !43 235/1&6#! 30 75#879:"7#! /0"#!; 323""&9'3
!&5/"& #3! /#"&! (µk e µ¯k) <,=>)
?&fi979'3 # A#"7#A&1 zk 2353B











?&fi979'3 F (x1, x2) 2353 05# F09G43 "&#1; D&5E!& (0&B




= Ψk (zk) , *+),=.































k J # '&"7A#'# /"75&7"# '& Ψk &5 "&1#G43 M zk)
 23/1#9'3 # &()*+),L. M &()*,)CC.; & 79D&98"#9'3; 3IDJ5E!&B
u1 = 2Re [q11Ψ1 (z1) + q12Ψ2 (z2)]
*+),N.
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β + a12 − a16µβ
a12µβ + a22/µβ − a26
]
%&'()*
+ , !-#,."/ , 0 0/12.3 "# 4/250#12 6 , 047#8 6'
9# /6 , !".:;#6 "# , !1 2! < 2#0 #61/=#7#,."/6> / <?!:@ "# 1#!6;#6 "/"/6 4#7/ #A'%&'B&*
4 "# 6#2 "#fi!."/ 4/2/ 6/1.6</3#2 #61/6 , !".:;#6' D#61/ < 20/>  6 ,/04 6 "# 1#!6;#6 "#
"#67 ,/0#!1 6> "/" 6 4#7/6 #A'%&'(E* # #A'%&'(F*> 4 "#0 6#2 #!, !12/" 6'
 !" #$%&'()* +,-*./.%./0&* 1&2& %3 4&3/-&5,
















 !"# /6 , 04 !#!1#6 Qij " 1#!6 2 "# 2.J."#3 6@ "/"/6 4 2$
Q11 = E1/ (1− ν12ν21)
Q22 = E2/ (1− ν12ν21)
Q66 = G12
Q16 = Q26 = 0
Q12 = ν21E1/ (1− ν12ν21) = ν12E2/ (1− ν12ν21)
. %&'(K*
9#!"  7/0.!/" > 0 612/" !/ L.J'%&'B*>  21 12H4., > 6?/6 2#7/:;#6 , !61.1?1.M/6 4 "#0 6#2
,/2/,1#2.3/"/6 4 2 E , !61/!1#6 #7N61.,/6$ O6 0H"?7 6 "# #7/61.,."/"# E1 # E2 !/6 ".2#:;#6 x1
# x2>  0H"?7 "# ,.6/7-/0#!1 G12 #  0H"?7 "# P .66 ! ν12' G Q71.0/ , !61/!1# #7N61.,/
!#,#66N2./ 4 "# 6#2 "#1#20.!/"/ 4#7/ 6#J?.!1# 2#7/:@ , !61.1?1.M/$
ν21E1 = ν12E2. %&'&R*
BI
 !"#$% &'() *+,-./0 1, /%-!2%10 0$303$4.!50
*- -#!306 5%6067 06 ,!+06 10 /%-!2%10 (w1, w2) 280 680 50!25!1,23,6 50- % 1!$,980 1, 6#%6
fi;$%6 (w¯1, w¯2)' <,63, 5%607 % $,/%980 50263!3#3!=% 1, 5%1% 5%-%1% 1,=, 60>$,$ #-% 3$%26?
>0$-%980 .%$% 0 ,!+0 1, $,>,$@25!% 10 /%-!2%10 A !"'&'BC7 , %66!- % 6#% $,/%980 50263!3#3!=%
.01, 6,$ 1,fi2!1%' *63% 3$%26>0$-%980 D $,%/!E%1% -#/3!./!5%210 06 3,260$,6 1, 3,26F,6 ,
1,>0$-%9F,6 .0$ #-% -%3$!E 1, 3$%26>0$-%980)
σ
′




ij =  εij,
021, σij , εij 680 06 3,260$,6 1, 3,26F,6 , 1,>0$-%9F,6 $,>,$,23,6 %0 ,!+0 10 /%-!2%10' G










 !"#$% &'() *!+,-.% /- 011$/-2%/%+ /- #. 3%.!2%/1
































































Q¯11 = Q11 cos
4 θ + 2 (Q12 + 2Q66) sin
2 θ cos2 θ +Q22 sin
4 θ
Q¯22 = Q11 sin
4 θ + 2 (Q12 + 2Q66) sin
2 θ cos2 θ +Q22 cos
4 θ
Q¯12 = (Q11 +Q22 − 4Q66) sin2 θ cos2 θ +Q12
(
sin4 θ + cos4 θ
)
Q¯66 = (Q11 +Q22 − 2Q12 − 2Q66) sin2 θ cos2 θ +Q66
(
sin4 θ + cos4 θ
)
Q¯16 = (Q11 −Q12 − 2Q66) sin θ cos3 θ + (Q12 −Q22 + 2Q66) sin3 θ cos θ
. ;&'&A<
(B
 !" #$%&'$()* +&%,-.&/)*
 !"#$!%&' '#"()*#+&' ',& -!"#$!%&' +./!' -0"#$!' ',& .$#%!' %1 2&*"! 3.14 5!*! +!%! -0"#$!
+&-&+!%! ! ." %&' -!%&' %& 5-!$& "(%#& %& +&$/.$)&4 6!/! &.)*! -0"#$! $! 5&'#7,& &5&')!
13.#8!-1$)14 +&" 5*&5*#1%!%1' #%9$)#+!' 1 "1'"! &*#1$)!7,& %!' fi;*!' <=#>?@?@A? B&* !5C
*1'1$)!*1" 13.!7D1' +&$')#).)#8!' "!#' '#"5-1' 1 5&* '1*1" "!#' 2!+#-"1$)1 !$!-#'!%&'4 &'
-!"#$!%&' '#"()*#+&' ',& 1E)1$'!"1$)1 .)#-#F!%&' $! 1$>1$6!*#!?
G 1E#')9$+#! %1 ." 5-!$& "(%#& ( ."! +&$%#7,& $1+1''H*#! 5!*! ."! !$H-#'1 ;#%#"1$'#&$!-?
I!'& +&$)*H*#&4 ! !5-#+!7,& %1 3.!-3.1* +!**1>!"1$)& 1" *1-!7,& !& 1#E& x3 >1*!*#! fl1E,& %!
+6!5!4 1 +&$'13.1$)1"1$)14 & !5!*1+#"1$)& %1 %1'-&+!"1$)&' 2&*! %& 5-!$&?
K #"5&*)!$)1 -1";*!* 3.14 5!*! 3.1 ! 2&*".-!7,& !5*1'1$)!%! $1')1 )*!;!-6& '1/! L)#- !& '1
)*!)!* -!"#$!%&' '#"()*#+&'4 %181C'1 +&$'#%1*!* 3.1 !' %12&*"!7D1' !& -&$>& %1 )&%! 1'51'C
'.*! %& -!"#$!%& ',& '1"5*1 !' "1'"!'? M. '1/!4 $,& 6H 1'+&**1>!"1$)& 1$)*1 !' +!"!%!'
%& -!"#$!%&?
G' +&"5&$1$)1' %& )1$'&* %1 )1$',& %1 ." -!"#$!%& ',& &;)#%!' !)*!8(' %! #$)1>*!7,& %!'











ij ( & )1$'&* %1 )1$'D1' %1 +!%! -0"#$! 1 σij ( & )1$'&* %1 )1$'D1' >-&;!- %& -!"#$!%&?
I&$'#%1*!$%& ." -!"#$!%& %1 N -0"#$!' &*)&)*P5#+!'4 !' 2&*7!' !).!$)1' $& '1. 5-!$& "(%#&
5&%1" '1* &;)#%!' 51-! '.;')#).#7,& %! #$)1>*!- +&$)Q$.! %! 13?<@?@OA 5&* ." '&"!)P*#& %1




























































 .  !"!#$
%&'()* !"!+ ,-.(/0* &1(-2)*2&34 5/ 1*0&6*54 -&072)&84
9/654 *- 5/:4)0*;</- εij / * 0*2)&= 5/ )&'&5/=  ¯ij 846-2*62/- *4 146'4 5/ 245* * /->/--()*




































 l (hl − hl−1)
]
,  !"BC$
.(/ 7 /.(&3*1/62/ * 0*2)&= 5/ )&'&5/= '14D*1 54 1*0&6*54"
EE
 !"#$%& '" fl")*+*,*'-'" '% ,-.*#-'% / '-'% 0",% *#1"&$% '% !"#$%& '" &*2*'"34 %5 $"6-7
[aij]L =  
−1
L . 89:;<=
>. .5*!%$ ?-$%$4 / #"?"$$@&*% !&-#$A%&.-& % !"#$%&  " % !"#$%& [aij] '" 5. $*$!".- '" ?%%&B
'"#-'-$ 0-&- %5!&%: C"$!" ?-$%4 5.- !&-#A%&.-DE% $*.*,-& F -0,*?-'- #- "G:89:9;= / 5$-'-7
a
′
11 = a11 cos
4 θ + 2 (2a12 + a66) sin











22 = a11 sin
4 θ + 2 (2a12 + a66) sin











12 = a12 + (a11 + a22 − 2a12 − a66) sin2 θ cos2 θ + 12 (a26 − a16) sin 2θ cos 2θ
a
′






















































3 [aij] $36$3,3+4% % /%4$!7 23 5.+,4%+43, 3894!5%, +. ,!,43/% 23 5..$23+%2%, "8.:%8 (w1, w2)
; !"'&'(<'





µk cos θ − sin θ
cos θ + µk sin θ
. ;&'(&<
 !" #$%&'()* +&,-./),0.1* 2,1*$034516.*
E%$% ,3 .:43$ %, ,.8#0F3, -#+2%/3+4%!, 3,494!5%, 6%$% 6$.:83/%, :!2!/3+,!.+%!, 3/ /%43$!%!,
%+!,.4$G6!5.,H 5.+,!23$%I,3 #/ 2./>+!. Ω /%63%2. 3/ #/ 2./>+!. 5./683J.H #4!8!7%+2. %,










































2 *+' ,''-) (.).* ) /'(0'* 1'(0  x1  x2 *+' ,''-) (.).* ) /'(0'* ) ,.2/'#
3'(*4) -.()' ' )'25(4' 1 ,6.)'  2 0'-(' )'* /'(0'* ) ,.2/'7 ,'2 1'-8.* ) *9/ -15,4 
) fi(4).* / ;.  <#!=#$&  0 (*> * ) fi(4).* / ;.*  <#!"#=%&7 0 2?* <9 @
ˆ
Γt
t1dΓ = 2Re [µ1Ψ1 + µ2Ψ2] = −δα1
!"#$A&ˆ
Γt
t2dΓ = 2Re [Ψ1 +Ψ2] = −δα2 .







 /') 2 * - *.04*1 40.* /'- <9.;<9 - ,'(0'-(' 1 ,6.)' .)'0.)' /'- z
′
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= 2pii7 'G0H2?* )9.*
 <9.8> * /.-. .* ,'(*0.(0 * ) *,'(6 ,4).* Aαβ@
Aα1 − A¯α1 + Aα2 − A¯α2 = δα2/ (2pii)
µ1Aα1 − µ¯1A¯α1 + µ2Aα2 − µ¯2A¯α2 = −δα1/ (2pii)
. !"#$I&
D4(). *+' ( , **J-4.* )9.* '90-.*  <9.8> * /.-. <9 * /'**. 'G0 - Aαβ7   **.*  <9.8> *
*9-C 2 ).  K4CL(,4. <9 '* ) *;',.2 (0'* 0 (6.2 M.;'- * N(4,'*@
[[ui]] = 0, !"#$O&
=%
 !!"# !$%&'(
q11Aα1 − q¯11A¯α1 + q12Aα2 − q¯12A¯α2 = 0
q21Aα1 − q¯21A¯α1 + q22Aα2 − q¯22A¯α2 = 0
. )*+,-.
/0123 %&'  ! $4+)*+,-. $ $4+)*+56.7 1$!'89$%&' ' !"!:$# 3 1 ';:$1 Aαβ $  <'38 %&' ' 1$=
!28: &' % $42 >?' &$ &$!8'< #$%:'! )*+@A.7  !'82>?' B2%& #$%: 8 &$ &$!8'< #$%:'! 3 1 












F$ # %$"1 !"#"8 17  !'82>?' B2%& #$%: 8 &$ B'1> ! &$ !23$1BG<"$ 3 1 $!: &' 38 %' &$ :$%!?'





)gα1 (µ1n1 − n2)Aβ1 + 1(
z2 − z′2










$ n1 $ n2 !?'  ! <'#3'%$%:$! &' 9$:'1 %'1# 8 $H:$1%'+
@A
 !"#$%&' (
)'*+%&!,-' ./$01*!& 20 3&0+0/$'4 20
 '/$'*/'
 !" #$%&'()*+'
 !"# $%&'"()* "+%"% ,% "#*+-% # -.&)#.#/"%01* ,* .2"*,* ,# #)#.#/"*! ,# $*/"*+/* %&)-$%,*
3 %/4)-!# ,# $5%&%! "+-/$%,%! $*. +#&%+*! ,# .%"#+-%) $*.&6!-"*7 8/-$-%).#/"# (.% 9+#:#
+#:-!1* !*9+# * .2"*,* ,# $*/"*+/* 2 %&+#!#/"%,%7 ;*<* #. !#<(-,%= !1* %&+#!#/"%,%! %!
#>(%0?#! -/"#<+%-! >(# <*:#+/%. * $*.&*+"%.#/"* ,-/@.-$* ,% $5%&% # ,* +#&%+*7 A1*
%&+#!#/"%,%! %! "#*+-%! ,* .2"*,* ,(%) ,# #)#.#/"*! ,# $*/"*+/* BCD EF # ,* .2"*,* ,#
,(&)% +#$-&+*$-,%,# ,# #)#.#/"*! ,# $*/"*+/* BCGD EF7 H ,#.*/!"+%,% % ,-!$+#"-I%01* ,%!
#>(%0?#! -/"#<+%-! +#!()"%/"#! #. #)#.#/"*! ,# $*/"*+/*7 J-/%).#/"# 2 %&+#!#/"%,% * !-!"#.%
,# #>(%0?#! .%"+-$-%-! >(# <*:#+/% * &+*9)#.% % !#+ +#!*):-,*7
 !, -.%'(' (/ 01/2/$%'3 (/ 4'$%'&$'
K "#*+#.% ,# L#""- ,#"#+.-/% >(# * "+%9%)5* >(# M*+0%! ,# !(&#+M'$-# t1α= # M*+0%! ,# $*+&*
f 1α= %&)-$%,%! #. (. !-!"#.% #. #>(-)'9+-*= #N#+$#. /*! ,#!)*$%.#/"*! u
2
α ,# (. !#<(/,*
!-!"#.%= 2 -<(%) %* "+%9%)5* >(# (. $*/O(/"* ,# M*+0%! ,# !(&#+M'$-# t2α= # M*+0%! ,# $*+&*
f 2α= %&)-$%,%! /#!!# !#<(/,* !-!"#.% #. #>(-)'9+-*= #N#+$# /*! ,#!)*$%.#/"*! u
1
α ,* &+-.#-+*





















K .2"*,* ,# #)#.#/"*! ,# $*/"*+/*= /* $%!* ,% #)%!"-$-,%,#= "+%9%)5% $*. % !*)(01* ,#
QW
 !"#$% & '() *+#'& , -.().+(. !" , &-+ / 0 . -.01.+)#0 (). 0 -2('-. , "0 , ) +0'3
(#,. &'&) 0#4 5 ', ()',#, , 6.0'*7'#(# 8 "0# 9.+0"7#$:. , '() *+#'& , -.().+(. .;)',#
#)+#/8& ,. ) .+ 0# , < ))' 1#+# 1+.;7 0#& ,  7#&)'-',#, 4 =.(&', +#(,. !" . & *"(,.
&'&) 0# 8 #&&.-'#,. # &.7"$% & 9"(,#0 ()#'&  . 1+'0 '+. &'&) 0# 8 . !" , / & + + &.7/',.>













.(, Uαβ  Tαβ &:. #& &.7"$% & 9"(,#0 ()#'& , , &7.-#0 ().  9.+$#& , &"1 +9D-' > ,#,#&
1 7#&  !4@B4EAC   !4@B4EFC 1#+#  7#&)'-',#, '&.)+G1'-#  1 7#&  !4@H4FEC   !4@H4FBC 1#+#  7#&)'3
-',#, #('&.)+G1'-#4 I#J (,.3& "&. ,# 1+.1+' ,#, ,# 9"($:. , 7)# , K'+#-> . L7)'0. ) +0.









TαβuαdΓ + cαβuα, @A4HC
.(, cij 8 E 1#+# 1.().& (. ,.0D('. , &'&) 0#> J +. 1#+# 1.().&  M) +(.& #. &'&) 0#>  N4F
1#+# 1.().& (. -.().+(. ,. &'&) 0# OBNP> , &, !"  &) -.().+(. & Q# &"#/ 4
5  !4@A4HC 8 "0#  !"#$:. #(#7D)'-# 1#+# #(R7'& & , 1+.;7 0#& ,  7#&)'-',#, !" 1 +0') 
&.0 () # #/#7'#$:. , 1+.;7 0#& 0"'). &'017 &4 S#+# 1+.;7 0#& -.017 M.&> 8 ( - &&R+'.
. "&. , 08).,.& ("08+'-.&4 T 08).,. ("08+'-. ")'7'J#,. ( &) )+#;#7U. 8 . 08).,. , 
 7 0 ().& , -.().+(.>  -.(&'&)  0 ,'/','+ . -.().+(. ,. &'&) 0#  0 #(R7'&  0 nelem












517'-#(,. #  !4@A4AC # -#,# "0 ,.& (G& ,. -.().+(. ,. &'&) 0#> .;)803& "0 &'&) 0# , 
 !"#$% & #7*8;+'-#& (# 9.+0#?
 ! = "#, @A4FC
.(, #& 0#)+'J &   " -.()80 #& '() *+#'& ,#& &.7"$% & 9"(,#0 ()#'& Uαβ  Tαβ>  .& / ).+ &
BV
   !"#$%& "' ()*"+ ' #",)-' , , '*"!)& #$"'  ."+/)' , '01 +.2!- 3 !"#4 !-,"' "0 #5"6
7$+)(%' , &)#-10*)/8 ' )*9%:+-!)'3 1", ;' -'"*)+ )' ()+-<( -' !"#4 !-,)'  & 0& ( $"+ !3 , 
."+&) =0 )  =6>?6@A 1"'') ' +  '!+-$) #) ."+&)B
"# = !, >?6CA
"#, " ( $"+ # !"#$%& $",)' )' ()+-<( -' , '!"#4 !-,)' #" !"#$"+#" ," 1+":* &)6
 !" #$%&%'()* +% ,)'()-') ,)'(.'/)* % 0%*1)'(.'/)*
D' ( $"+ ' , , '*"!)& #$"' #",)-'  ."+/)' , '01 +.2!- #",)-' , 0&  * & #$" =0),+<$-!"
'5" ,),"' + '1 !$-()& #$ 1"+EFGHB
$ =
[
ϕ1 0 ϕ2 0 ϕ3 0

















ϕ1 0 ϕ2 0 ϕ3 0














"#, 1)+)  * & #$"' =0),+<$-!"' !"#$2#0"' >K-96?6LA3 ϕi % ,)," 1"+B
K-90+) ?6LB M* & #$" =0),+<$-!" !"#$2#0"
FN
ϕ1 = 0.5η (η − 1)
ϕ2 = 1− η2  !"#$
ϕ3 = 0.5η (η + 1) ,
% &'(' %)%*%+,-. /0'1(2,34-. 1%.4-+,5+0-.  637"!"8$ 9 1'1- &-(













































dΓe = Jac (η) dη. $%&'()
*+,-./.+/01! 2 34&$%&'() 02 34&$%&%)# 5!136-3 73-! 837 ! 57!, 392 2.728:- 13 /0.3"72;<!
0+9:7/=2&
 ! "#$%&'() *+,(-.%/) 0%.% 12%0%) 3./+4%5%) 467 8(0%.6)
5( 9%,(./%: 1670;)/,6
>/"+72 %&?@ AB252 .7/0=212 =!9 73527! =!95C-/.! =! 21!
D212 +92 =B252 .7/0=212 73527212 =!9 92.37/2 =!95C-/.! =! 21! $>/"&%&?)# 3 =!0-/137201!
4+3 3 2 3-.E -+,93./12 F +92 =27"2 1/0G9/=2 4+2 4+37# 21/=/!026-3 +9 .379! 5272 73573-30.27
!- 3H3/.!- 13 /0:7=/2 13 =212 =!95!030.3 02- -+2- 73-53=./82- 34+2;I3- 13 34+/ J,7/! K?LM& N

























′, x) ρu¨Sj (x
′) dΩ .  !"#$%
























′, x) ρu¨Rj (x
′) dΩ ,  !"#!%
4*9' cij (x
′) 8 1( ;4'fi;+'*5' 01' 9'7'*9' 9) 74-+234 94 74*54 =4*5' (x′) '( ,'.)234 )4 ;4*>
54,*4 01' '-5? -'*94 +*5'6,)94/ tj (x
′) ' uj (x
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= (1− r) δjk A&'BCD
*
qejk (x
e, x) = (1− r) δjk . A&'BED
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UϕdΓ =   !"##$
% ˆ
Γj
TϕdΓ = ! ,  !"#&$
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Γ −%RΓ&RΓ = "RΓαRΓ−#RΓ$RΓ , 0123?5
 !"#" $% !$&'$% ($&' &$ )$*+&,$ )$ # !"#$ > )")" !$#/
 
R
Ω −!RΩ RΩ = "RΩαRΩ −#RΩ$RΩ . 012315














(ˆ  'ˆ %@$ *"'#,B % ) %$7:;< % !"#',-:7"# % ) ($#;"% ) %:! #(+-, %  ) %7$-"* &'$%2 C"B &)$
:%$ )$ 6DEFG  )" # 7";@$ )")" ! 7"  92012HA5 > !$%%+I 7 #  %-# I # $ ' #*$ # %!$&%JI 7
! 7" ,&' #";@$ -."!"K# !"#$ -$*$/
 
S









C,&"7* &' 8 "M#:!"&)$ "%  9:";< % )" -."!"  )$ # !"#$  :',7,B"&)$ " '>-&,-" ) ,&' M#";@$
























 !"# $%&'()*+,-.*' /)(0(%&,('
 !"# $%&!'(# )(*(+ #(' ,(*%)!# (+ -!.#")('%/0! 12%.&! %! 2#! -!.324%)! )!  567 ( )!
 85679 : ;'"+("'! )(,(# < 12(= % %;,"-%/0! )!  8567 .% &'".-% +!)(,%)% %&'%*<# )!
 567 4('% ;'!>,(+%# )( #".42,%'")%)(9 5%"# (#;(-"fi-%+(.&(= %# +%&'"@(#  ( ! .0! #0!
".*('#A*("#9 B%'% #( #2;('%' (#&( ;'!>,(+%= .0! #( %;,"-% !  8567 C &'".-% DEF= GH= ;!'<+
)(*(I#( %)"-"!.%' ;!.&!# $!.&( ;'JK"+!# % '(4"0! )% &'".-% ;%'% #( %*%,"%' !# ($("&!# )( ".<'-"%
( )( %-!;,%+(.&!9 L+% *(@ 12( < -!,!-%)! 2+ ;!.&! $!.&( ;'JK"+! % &'".-% MN"49O9PQ= )(




N"42'% O9PR 6#12(+% ",2#&'%&"*! )( %;,"-%/0! )( ;!.&! $!.&( ;'JK"+! % 2+ (,(+(.&! )( &'".-%9
: !2&'! ;!.&! % #(' ,(*%)! (+ -!.#")('%/0! < 12(= -!.#")('%.)! %# #!,2/T(# $2.)%+(.&%"#















 !" #$ %& '() #* +)'#,(*- &! + #) . -/,+&0 - (* %& #,1,#)/-)., ') + #)  ',#)/-2.,+)$ (*31
*-, ! #*- ,4& ,#5 6)-7! /*!1#* %&*8







>##) #,4',fi+ %&*$  #)0&@A) B&'( !*'/ 0  ',#)/-2.,+ 'A) #* -*(&C D #)0&@A) B&'( !*'/ 0
,#)/-2.,+ %& '() ) + #) . -/,+&0 - (* %& #,1,#)/-)., 7 +)'#,(*- ()5 E (*#,4& 0( (* () /*-!)
( #)0&@A) B&'( !*'/ 0 (* (*#0)+ !*'/)# U11 *'/-* )# + #)# (* ,#)/-)., * %& #,1,#)/-)., 
B C +)! %&* 'A) #*F .)##G3*0  .0,+ - ) HIJK * ) HLIJK +)!",' ()# +)!  #)0&@A)
B&'( !*'/ 0 (* (*#0)+ !*'/)# ,#)/-2.,+ 5 6 - #&.*- - *#/* .-)"0*! $ .)(*1#* #&"#/,/&,-  
*%59<5M:= .*0 *%59N5OM=$ . - ) + #) . -/,+&0 - (* %& #,1,#)/-)., $  ) #* !)'/ -  ! /-,C  5
:P
 !"" #$%&'$'()*+,- .*)/010*&
 !"# $%&'( ( )&#*+%'&,(-./ )(# %01(-2%# )% %01&345+&/6 ( */7fi91+(-./ )( $/+:( :('+&*&(3 )(
*;(!( < /5'&)( (*/!3(7)/ (# %0=>?=@AB % %0=>?=@CB */:/ :/#'+()/ 7( D&9=>?=EB
D&91+( ?=EF G01(-./ :('+&*&(3 )% %01&345+&/ )( *;(!( !(+( (7H3&#% )&7I:&*(
J% $/+:( #&:&3(+6 ( */7fi91+(-./ )( $/+:( :('+&*&(3 )/ +%!(+/ < /5'&)( (*/!3(7)/ (# %0=>?=@KB
% %0=>?=@?B */:/ :/#'+()/ 7( D&9=>?=LB
?E
 !"#$% &'() *+#%,-. /%0$!1!%2 34 4+#!256$!. 3. $47%$. 7%$% %892!:4 3!8;/!1%
<: 583!14: ΓΓ= ΩΓ= ΓΩ 4 ΩΩ !83!1%/ % 7.:!,-. 3. 7.80. >.804 4/ %892!:4 4 :4# 2.1%2 34 !804?
"$%,-.' < :5/6.2. % 4:+#4$3% :4 $4>4$4 % 2.1%2!@%,-. 3. 7.80. >.804= 4 . :5/6.2. % 3!$4!0% :4
$4>4$4 %. 1.80.$8. 4/ +#4 424 4:09 :483. !804"$%3.' <: 583!14: ΩS−DΓR 4 ΩDΓR :4 $4>4$4/ %
7.80.: >.804 8. 3./58!. 3% 1A%7% $4:7410!B%/4804 8-. 7%$0!2A%3.: 4 7%$0!2A%3.: 742. $47%$.=
!804"$%3.: 8. 1.80.$8. 3. $47%$.'
<: :#6?583!14: S 4 R :4 $4>4$4/ % +#4 1./7.84804 74$04814 . 1.80.$8. .# 3./58!. 4/ %892!:4'
C.$ 4D4/72.= 1.8:!34$%83. . 583!14 ΓSΓR= 2E?:4= 7.80.: >.804 7$4:4804: 8. 1.80.$8. 3% 1A%7%
4 !804"$%3.: 8. 1.80.$8. 3. $47%$.'
F: /%0$!@4:  4 ! 7%$% 1A%7%= 3%3%: 742%: 4+'G&'HIJ 4 4+'G&'HHJ $4:7410!B%/4804= :-.
/.:0$%3%: 8%:  !"'G&'KJ 4  !"'G&'LMJ
&(
 !"#$% &'() *%+$!, - .% /0#%123 ./ /0#!456$!3 .!789!:3 .% :;%<%
 !"#$% &'=>) *%+$!, ? .% /0#%123 ./ /0#!456$!3 .!789!:3 .% :;%<%
@%$% 3 $/<%$3A %B 9%+$!,/B A / B B23 !.C7+!:%B / B23 93B+$%.%B 7%  !"'D&'==E
 !"#$% &'==) *%+$!,/B - / ? .% /0#%123 ./ /0#!456$!3 .!789!:3 .3 $/<%$3
F39%GB/ :393 /H/9<43 #9 :%B3 B!9<4!fi:%.3 93B+$%.3 7%  !"'D&'=JEA 37./ 3B <37+3B K37+/ =A
JA LA / & </$+/7:/9 %3 :37+3$73 .% :;%<%A 3B <37+3B K37+/ (A =>A ==A =J </$+/7:/9 %3 :37+3$73
&(
 ! "#$%"!& # ! $!'(! )!'(# *+ $#"(#',# %!  !-.'/!  ! "#$%"!0 1%"% #2(# ,%2!& ! '3-#"!  #
$!'(!2 )!'(# $%"(/45% !2 $#4% ,5%$% # ! "#$%"! (D) 6 70 8 '9-#"! (!(%4  # $!'(!2 )!'(# (E)
 % ,5%$% 6 *+& #  ! "#$%"! 6 70 1! #:2# #'(;!  /-#'2/!'%" %2 #<9%=>#2 -%("/,/%/2 -!2("% %2
'%2 ?/@0A70*B # ?/@0A70CB # %2 -%("/D#2 A& B& H # G <9# ,!-$>#- % #<0AE0FGB0
?/@9"% E0*CH IJ#-$4! 2/-$4/fi,% !  # ,5%$% ,!- "#$%"!
 !"# $%&'()*+(,-& )( .&/012& ,& 3&+4,*& )& 5(+6&
1%"% "#2!4L#" ! $"!M4#-% -!2("% ! '% #< AE0FGB& 9- $"!,# /-#'(!  # 2!49=;! ("%'2/#'(#& $"!:
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2;!  #L/ !2 % 9- ,%-$!  # %,#4#"%=;!  % ! $!"H
 = ρ!¨ = "β , AE0R+B

























S# )!"-% % 2# $"!,# #" ,!- % /'(#@"%=;! '!  !-.'/!  ! (#-$!& ! /'(#"L%4!  # (#-$! τ 6
7T
 !"! ! # $% N $&'()#&  $ *$%'#+ #, $-
τ = N△τ . ./0123
4&&5%!, # 65$ #& 7$&58*( #&  ( $60./01/3 &9# :#,;$:! #& ,#& !,&*(,*$&  $ *$%'# τ = 0,△τ, 2△τ...+





2 τ+△τ − 5 τ + 4 τ−△τ −  τ−2△τ
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. ./01A3














































$  $"$ &$7 7$&#8"! # '(7( #& N !,&*(,*$&  $ *$%'# △τ 0 E !%'#7*(,*$ 8$%D7(7 65$ '(7( :( (
5%  #& !,&*(,*$&  $ *$%'# △τ + # "(8#7  $ $τ+△τ < :#,;$:! #+ FG 65$ #& "(8#7$&  ( :(7B(
 !,H%!:( ('8!:( ( '(7( :( ( 5%  #& !,&*(,*$&  $ *$%'# &9#  ( #&  # '7#D8$%(0
2?
 !"#$%&' (
 )&*%&' +, -!$'.,/ +, 01$,1/2+!+, +,
3,1/4'
 !" #$%&'()*+'
 !"# $%&'"()* "+%"% ,% %-.)/!# ,# 0%"*+#! ,# /-"#-!/,%,# ,# "#-!1* ,/-23/$*! ,# $4%&%! "+/-5
$%,%! +#&%+%,%! $*3 3%"#+/%) $*3&6!/"* $*)%,*7 8-/$/%)3#-"# 9 0#/"% (3% +#:/!1* ,% "#*+/%
,% ;#$2-/$% ,% <+%"(+% =/-#%+  ).!"/$%7 >*!"#+/*+3#-"#? ,#!$+#:#5!# *! 39"*,*! ,# %:%)/%@1*
,# <%"*+#! ,# 8-"#-!/,%,# ,# A#-!1* B/-23/$*! ("/)/C%,*! -* "+%D%)4*7
 !, -.'&(/012 (1 3/24'5 (1 #&67$
</E(+% F7GH I%3&* ,# "#-!J#! #3 "*+-* ,% "+/-$%7
FK
 !"#$%&'("%! )*( +,(-( .'$"+(%( $#!.'/-$+( +(''&0(%( #!1 &#.(%! -2("! %& .&"#3! 45$067689:
! +(*-! %& .&"#;&# (! '&%!' %( .'$"+( -!%& #&' %&#+'$.! "( <!'*(=87>?
σij (r, θ) =
K√
2pir
fij (r, θ) + outros termos,  !"#$
%&'( σij ) % *(&+%, '( *(&+-(+ '% ./*(,0/1 / 2./ '0+*3&40/ r '/ 5%&*/ '/ *,0&4/6 K ) % 7/*%,
'( 0&*(&+0'/'( '( *(&+8% ( fij +8% 72&9-(+ *,0:%&%.)*,04/+ 4%&;(40'/+" <2/&'%6 r → 06 %
5,0.(0,% *(,.% '/ (=2/98% 5/++/ / +(, .20*% ./0+ +2>+*/&40/1 =2( %+ *(,.%+ +(:20&*(+ '/
(=2/98%6 5%'(&'% /++0. +(,(. '(+5,(?/'%+"
 !" #$%$& %' ()*+,)*
@0:2,/ !"AB C%'%+ '( @,/*2,/"
C%'%+ '( 7,/*2,/ +8% '(*(,.0&/'%+ /*,/D)+ '% '(+1%4/.(&*% ,(1/*0D% '/+ 7/4(+ '/ *,0&4/
 @0:"!"A$" E. (+*/'% 51/&% '( *(&+8%6 (F0+*(. /5(&/+ '%0+ .%'%+ '( 7,/*2,/  G ( GG$" H
@/*%, '( 0&*(&+0'/'( '( *(&+8%6 .%+*,/'% &/ (=" !"#$6 5%'( +(, '(4%.5%+*% '( /4%,'% 4%.
% .%'% '( 7,/*2,/ /++%40/'% / (1(" I(+*/ 7%,./6 KI 4%,,(+5%&'( /% 7/*%, '( 0&*(&+0'/'( '(
*(&+8% ,(1/40%&/'% /% .%'% '( 7,/*2,/ G ( KII 4%,,(+5%&'( /% 7/*%, '( 0&*(&+0'/'( '( *(&+8%
,(1/40%&/'% /% .%'% '( 7,/*2,/ GG"
!J
 !" #$%&'( )* +*,(-' *% +'.,' )$ +./,0$
 !!"#$%&' ()*) r+ ,)-'*.! (*/0$#'! &. 1.*'+ &. 2'*#) ) !. 3'%!$&.*)* !'#.%4. ' (*$#.$*'
4.*#' &) .567869:+ . 3'%!$&.*)%&' 5". ' .$0' &. 3''*&.%)&)! x1 ; ()*)-.-' < 2)3. &) 4*$%3) .
5". ' .$0' &. 3''*&.%)&)! x2 ; (.*(.%&$3"-)* < 2)3. &) 4*$%3)+ ' 3)#(' &. 4.%!=.! (*/0$#'





































































































































'%&. G ; ' #/&"-' &. .-)!4$3$&)&. 4*)%!,.*!)- &' #)4.*$)- . ν ; ' #/&"-' &. D'$!!'% &'
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 ! "#$%&'()%*#+,' -' .#+$'/ -# .#+$0#$ # 1%*(' -#
"#$)'&%*#+,'$
 !" #$% &'$ ($)$*"+)$ ,-.$/ ,) 0".,/$) ($ 12.$2)1("($ ($ .$2)3, KI $ KII 4 ($#$+)$ /$"51%"/
, ($)"6,75"!$2., (, 6"!7, ($ ($)5,6"!$2.,) $ (, .$2),/ ($ .$2)8$) $! #,5." (" ./126"9
:,2)1($/"2(, &'$ , .$2),/ ($ .$2)8$) $ , 6"!7, ($ ($)5,6"!$2.,) $26,2./"!+)$ 2, !$)!,
)1).$!" ($ /$0$/;261" (" ./126" $ &'$ $).$) 7,($! )$/ (1#1(1(,) $! )'") 6,!7,2$2.$) )1!<./1+
6") $ "2.1+)1!<./16") =>1?9@9AB4 .$!+)$ &'$ ") 6,!7,2$2.$) )1!<./16")4 ui4 $ "2.1+)1!<./16")4
u
′
i4 (, 6"!7, ($ ($)5,6"!$2.,) )3, ("(") 7,/ CADEF



























I6,75"2(, ,) .$/!,) )1!<./16,) $ "2.1+)1!<./16,) (" $&9=@9HDB4 .$!+)$ &'$ , 6"!7, ($ ($)5,+



























 ! "#$%& '(%()&$* &' +#%,#-!-.!' '(%/.$(+&'* σij* ! &-.(0'(%/.$(+&'* σ
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 !" #$%&' ()* +*,-)-. /)0*1%&,2,-3
<(=>$& 67?4 @)!%!-.#' 1& ,#-.& 1& .$(-+&7
A#-'(1!$&-1# >% +&%,# 1! 1!')#+&%!-.#' +#-B!+(1# &# $!1#$ 1& .$(-+&* .!-1# &' $!)&C2!'
!-.$! #' "&.#$!' 1! (-.!-'(1&1! 1! .!-'3# ! 1!')#+&%!-.#' 1&1&' ,!)&' !D7567E: ! !D7567F:* !










#-1! K / # %L1>)# 1! !)&'.(+(1&1! 1# %&.!$(&)* k = (3− ν) / (1 + ν) ,&$& !'.&1# ,)&-# 1!
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 !" #$%&'()* Jˆ
 !"#$% &'&( )!*!+,- ., /0+,"$%123 4%$% /0+,"$%5 6 789'
: ;,<=0!<% .%  $%+#$% )!0,%$ >5?-+!<% -@ A B?5!.% C#%0.3 % .,D3$*%123 023 5!0,%$ .3 *%+,E
$!%5 A <30fi0%.% ,* #*% 4,C#,0% $,"!23 %3 $,.3$ .% 430+% .% +$!0<%' >* *#!+%- -!+#%1G,-
A !0B!?B,5 <%$%<+,$!H%$ 3 <3*43$+%*,0+3 .% D$%+#$% %+$%BA- .% ; )>I %--!* -,0.3I #* <30E
<,!+3 %5+,$0%+!B3 .,B, -,$ %45!<%.3' : ;,<=0!<% .%  $%+#$% >5%-+3 J5?-+!<% %45!<%E-, ,*
B?$!%- .,--%- -!+#%1G,-' K,0+$, 3- 4%$=*,+$3- *%!- #+!5!H%.3- -, ,0<30+$%* 3 LMNK OL$%<P
+!4 34,0!0" .!-45%<,*,0+QI % /0+,"$%5 6 , % /0+,"$%123 43$ >0,$"!% ., K3*R0!3 O>K/Q' >--,-
4%$=*,+$3- .,-<$,B,* <30.!1G,- .% +$!0<% 4%$% *%+,$!%!- ,5%-+345?+!<3- , 43.,* -,$ #+!5!H%E
.3- <3*3 <$!+A$!3 ., D%5S%' K%.3 3 ,T,*453 -!*45!fi<%.3 4,5%  !"'O&'&QI % +%T% ., %5RB!3 .,
,0,$"!% 43+,0<!%5 %$*%H,0%.% 03 -!-+,*% 43$ #0!.%., ., +$!0<%I -,* <30-!.,$%$ D3$1%- .,














, <3$$,-430., % ,0,$"!% ., .,D3$*%123 43$ #0!.%., ., ?$,%' σ∗ij , u
∗
j,1 -23 $,-4,<+!B%*,0+, %-
&Y
 !"#!$%$&%'  ()&%'*($(' +% &%$',! % +%'-! ("%$&! $! '*'&%"( -! (- x∗ % dC . ! +*/%)%$ *(-
+! () ! +% *$&%0)(1,! +(+! #%-( 2*03453563 7"( 8%9 :;% '%  !$'*+%)(" (' /!)1(' +%  !)#!
(&;($+! $(' #)!<*"*+(+%' +( #!$&( +( &)*$ (= &%)"!' +%8%" '%) (+* *!$(+! ( %:3453>?63 @%'&(

























!$+% hS . ( %'#%'';)( +(  B(#(= b
∗
i ',! (' /!)1(' +%  !)#! (&;($&%' $(' #)!<*"*+(+%' +( &)*$ (
)%/%)%$&%' (! ( !#-("%$&! %$&)%  B(#( % )%#()! % ρu¨i
∗
',! (' /!)1(' +%  !)#! (&;($&%' $('
#)!<*"*+(+%' +( &)*$ ( )%/%)%$&%' I' /!)1(' +% *$.) *( +(  B(#(3
 !" #$%&'()*+, -,( .$&('/) 0& 1,23$/,
J!$'*+%)(+! :;% δl . ! (8($1! +( &)*$ ( $( +*)%1,! $!)"(- ( /( % +( &)*$ ( St= ( %$%)0*(
#!&%$ *(- -*K%)(+( %" ;" '%0"%$&! +% (8($1! +( &)*$ ( . +(+( #!)H
−δpi = J∆a , 453>F6
!$+% ∆a lk . ! (8($1! +( &)*$ ( $( +*)%1,! x
∗
k3
2(9%$+!  !" :;% h → 0= &%"!' (' ';#%)/L *%' Sa % Sb  !" $!)"(*' mk (! -!$0! +% x∗2 % St
 !" $!)"(- mk (! -!$0! +% x
∗
13 M''*" '%$+!= δl . +(+! #!)H
∆a lkmk = δl . 453>N6











lkmi dS . 453>56
Q()( +%'%$8!-8%) ;"( *$&%0)(- +% +!"L$*!= #)*"%*)! '% -%8( %"  !$'*+%)(1,! ( R)%( S /!)"(+(
#%-(' ';#%)/L *%' S+= S−= St % S13 @%#!*'= -%8(P'% %"  !$'*+%)(1,! ( /;$1,!H
S?
qk = lk em St e qk = 0 em S1 ,  !"#$%
& '&()*+, &- .,*/0+&1)23, 4)-56- 78& qk 6 /8fi.0&*4&-&*4& /8)(& *) :1&) S" ;/)*+, )














j,km2 qk dS .  !"#A%
B)1) /& .C&D)1 E &7" !"#A%< '&()>/& &- .,*/0+&1)23, 78& m1 = 0 & 78& m2 = ±1 *)/ ?).&/ +)
410*.)" F,4)>/& 4)-56- 78& q2 = l2 = 0 &- 4,+, , /0/4&-)" F) )8/G*.0) +& ?,12)/ +& /8>
=&1?H.0& *)/ ?).&/ +) 410*.)< , I'40-, 4&1-, +) &7" !"#A% +&/)=)1&.&" J='0.)*+, , 4&,1&-) +)
+0(&1DG*.0) +& K1&&* =)1) .,*4,1*,/ ?&.C)+,/< L ()',1 +) 4)M) +& )'H(0, +& &*&1D0) =,4&*.0)'









qk,i dV.  !"#P%
Q 0-=,14)*4& =&1.&5&1 78& ) 0*4&D1)23, 1&)'0N)+) *) &7" !"#P% *3, +&=&*+& +& .)-0*C,/ +&
0*4&D1)23,< ',D,< 78)'78&1 :1&) =,+& /&1 &/.,'C0+) =)1) )()'0)1 O" R&()*+, &- .,*/0+&1)23,
,/ &?&04,/ +& ?,12)/ +& 0*61.0) & +& ).,=')-&*4, &*41& .C)=) & 1&=)1,< ) &7" !"#P% 1&.&5& ,





















T,-, =,+&>/& =&1.&5&1< )/ &7" !"##% & &7" !"#S% /3, &780()'&*4&/< /&*+, 78& ) +0?&1&*2) &*41&
)/ +8)/ 6 +)+) =&', , -,+, +& 0*4&D1)23, +, =10-&01, 4&1-,"
 !" #$%&'( ) *$+,-./01+
J ?8*23, )8M0'0)1 qk 6 0*41,+8N0+) +& ?,1-) ) /& -,+&')1 , )()*2, (0148)' +) 410*.)" T,-, ,
)()*2, (0148)' +) 410*.) =,+& )+,4)1 ?,1-)< ) I*0.) 1&/41023, =)1) ) ?8*23, qk 6 78& &') /&U)
/8fi.0&*4&-&*4& /8)(& *, +,-H*0, +& 0*4&D1)23, V < 8-) (&N 78& 6 *&.&//:10) ) /8) +0?&1&*.0>











&'() r * + (,-./'0,+ (+ 1&'.+ (+ .2,'0+ '& 13+'& x∗1 − x∗2 0&4& 4&-.2+(& '+ 5,6" !"!%7 ) r0 *
& 2+,& (+ 82)+ () ,'.)62+9:&"
 !"# $%&'()(*+,)-.(/0& + $*'1+*+2,(/0& 3&*'4,(5-&2(1
5,6;2+ !"<= >,-.2,?;,9:& () 0*3;3+- '+ 1&'.+ (+ .2,'0+"
@4+ A)B )4 1&--) (+ )C" !"DE%7 ()A)F-) 2)+3,B+2 + ,'.)62+3 () 82)+ +& 2)(&2 (+ 1&'.+ (+
.2,'0+ +fi4 () -) &?.)2 & A+3&2 () J¯EDI " @4+ +3.)2'+.,A+ * + ,-&1+2+4).2,B+9:& (+- 0*3;3+-
02,+(+- +& 2)(&2 (+ 1&'.+ (+ .2,'0+ )4 )3)4)'.&- ?,C;+(28.,0&-  5,6"!"<%7 1&()'(& +--,4
-+.,-H+B)2 + 0&'(,9:& () ()2,A+9:& () qk" I)-.) .2+?+3J& * ;.,3,B+(& ;4 0&'K;'.& () )3)4)'.&-
,-&1+2+4*.2,0&- ?,C;+(28.,0&- () E 'L-  5,6"!"M%7 +.2+A*- (&- C;+,-7 +- 0&41&')'.)- () .)'-:&7
()H&24+9:&7 ()-3&0+4)'.& ) -;+- ()2,A+(+- -:& +12&N,4+(+- 1&2 12&(;.&- (+- H;'9O)- ()
,'.)21&3+9:& Φi ) &- A+3&2)- '&(+,- () σij7 εij7 ui ) ∂ui/∂xj"
<D
 !"#$% &'() *+,-,./0 !102%$%-3/$!40 5!67#%8$9/!40'
:%5,.80 7#, 01 ;%+0$,1 8, σij< εij< ui< ∂ui/∂xj , qk 1=0 40.>,4!801 2%$% /0801 01 ? .@1 8,
4%8% 43+#+%< 0 ;%+0$ 8,11%1 ;%$!9;,!1 208, 1,$ 8,/,$-!.%80 ,- 7#%+7#,$ 20./0 8, 7#%+7#,$







0.8, Φi 1=0 %1 F#.GH,1 8, !./,$20+%G=0 8%8%1 20$)
Φ1 = 0.25 ∗ (ε− 1) ε (η + 1) η
Φ2 = 0.5 ∗ (ε− 1) (ε+ 1) (η + 1) η
Φ3 = 0.25 ∗ (ε+ 1) ε (η + 1) η
Φ4 = 0.5 ∗ (ε− 1) ε (η − 1) (η + 1)
Φ5 = (ε− 1) (ε+ 1) (η − 1) (η + 1) B&'CIE
Φ6 = 0.5 ∗ (ε+ 1) ε (η − 1) (η + 1)
Φ7 = 0.25 ∗ (ε− 1) ε (η − 1) η
JC
Φ8 = 0.5 ∗ (ε− 1) (ε+ 1) (η − 1) η
Φ9 = 0.25 ∗ (ε+ 1) ε (η − 1) η
 Qki !"# #! $%&#' ! ( qk  ) *%(% +) (#! ,-! (% *.&+&%  ) %,/&0! 1 2#)# (03# %,3 0#') ,3 4
Qki = 0 ! # i5.!0)# ,- 6 '3 ,* ' %# *#,3#',# (# (#)7,0# (0!*' 308%(#4 Q
k
i = 1 ,% 6#,3% (%
3'0,*%4  #! $%&#' ! 0,3 ') (0/'0#! ( $ ) ! ' 0,3 '6#&%(#! 6 &%  91:;1<=>1 ?&.) (0!!#4 *#)# %
6'#6%@%A"# $0'3+%& (% 3'0,*% . ' !3'03% % (0' A"# (% ,#')%& ( !+% B%* B'#,3%& St4 #! 3 ')#!
Q2i  Q
3


















?! ( '0$%(%(%! (%! B+,AD ! ( 0,3 '6#&%A"# ∂Φ/∂ε  ∂Φ/∂η !"# (%(%! 6#'C
∂Φ1
∂ε
= 0.25 ∗ (2ε− 1) (η + 1) η
∂Φ2
∂ε
= ε (η + 1) η
∂Φ3
∂ε
= 0.25 ∗ (2ε+ 1) (η + 1) η
∂Φ4
∂ε
= 0.5 ∗ (2ε− 1) (η − 1) (η + 1)
∂Φ5
∂ε
= 2ε (η − 1) (η + 1) :;1<E>
∂Φ6
∂ε
= 0.5 ∗ (2ε+ 1) (η − 1) (η + 1)
∂Φ7
∂ε
= 0.25 ∗ (2ε− 1) (η − 1) η
∂Φ8
∂ε
= ε (η − 1) η
∂Φ9
∂ε




= 0.25 ∗ (ε− 1) ε (2η + 1)
∂Φ2
∂η




= 0.25 ∗ (ε+ 1) ε (2η + 1)
∂Φ4
∂η
= (ε− 1) εη
∂Φ5
∂η
= 2 (ε− 1) (ε+ 1) η  !"#!$
∂Φ6
∂η
= (ε+ 1) εη
∂Φ7
∂η
= 0.25 ∗ (ε− 1) ε (2η − 1)
∂Φ8
∂η
= 0.5 ∗ (ε− 1) (ε+ 1) (2η − 1)
∂Φ9
∂η
= 0.25 ∗ (ε+ 1) ε (2η − 1) .

























det (Jac)pWp,  !"#@$
+)*( Wp -4+ +- >(-+- *( /)0(12&34+6 m = + )A8(2+ *( >+)0+- *( 5&.-- .0/B/'&*+- >+2 9=B.B&






 .  !"#E$
 !"" #$%&'()* +,- .&/01,+,- +& .&-2*3,4&'%*-
FG/-0(8 *.&- 8&)(/2&- *( -( +D0(2 +- 0(28+- ∂ui/∂xj *& (:" !"#@$" H8& *&- 7+28&- >+--IJ(/-
= &02&J=- *& *(2/J&34+ /-+>&2&8=02/9& *+- *(-B+9&8()0+-6 ( & +.02& = &02&J=- *& /)0(12&34+
*&- -+B.3K(- 7.)*&8()0&/- *( *(2/J&*&- *( *(-B+9&8()0+- ( 7+23&- *( -.>(27I9/( )+ 9+)0+2)+
*+ 9L&>&"
@!
 !""!" #$%&'()*+, -). /,01*2&. 31$-)4&$%)5. -& 6&(57)-). -& 6&.0,8
9)4&$%, & 3,(*). -& /1:&(;<95&

























′, x) ρu¨Sj (x
′) dΩ , <=>?@A
! "#-)/!"! "# "#6.(0!1#*+(6 #1 -#.!&'( ! %1 2(*+( )*+#-*( "! 03!2!B 2!-+).3!"( 2#.( -#2!-(B




























′, x) ρu¨Sj (x
′) dΩ . <=>?CA


















































(*"# Uij,k E "!"( 2(-;
Uij,k = − 1
8Gpi (1− ν) r {δikr,j + δjkr,i − [(3− 4ν) + 2r,ir,jr,k]} , <=>FHA
99
Tij,k  !"!# $#%&
Tij,k =
1





[δikr,j + δjkr,i − ((1− 2ν) δij + 4r,ir,j) r,k] +
nk [(1− 2ν) δij + 2r,i2r,j] + (1− 2ν) (δjkni − δiknj)− '()*+,
2 (1− 2ν) r,k (nir,j − njr,i) ,












30 (1− ν)G [(4− 5ν) (δlir,j + δljr,i)− δijr,l − r,lr,ir,j] r
2. '()*1,
23 4"%564-53 αmRl - α
mS
l 7 38# 9#:3;":;-3 !- 5:;-%$#<"=8# $%#4-:5-:;-3 !" "$<59"=8# !# > ;#!#
!- !?$<" %-95$%#95!"!-7 !"!"3 $-<"3 -@)'*)+A, - -@)'*)+B,)
 !""!# $%&'()*+, -.,/)&)012&'3)
C-:!# 9#:D-95!# # 9">$# !- !-3<#9">-:;# uj -> 9"!" ?> !#3 :#3 @?- 9#>$E-> "3 9 <?<"3























































































%&'( uk ) % *+,%- '( '(.,%/+0(&1% &% k2).30% &4 &+ /),5,+ (0 +&6,3.("
 !"# $%&'()*+ ,' KI ' KII








%&'( η = 1 :+-+ (.1+'% :,+&% '( 1(&.>% ( η = 1 − ν2 :+-+ (.1+'% :,+&% '( '(;%-0+?>%9





EDI ,  !"#A$
%&'( Jˆ IEDI ) + /%0:%&(&1( '( JˆEDI -(,+/3%&+'+ +% 0%'% B '( ;-+15-+ ( Jˆ
II
EDI ) + /%0:%&(&1(











































&''() '*+,-. /0-12/+,- /' *3" !"#$% * *3" !"#4%. -' 5/6-7*' ,* (+6*+'(,/,* ,* 6*+'8- KI * KII


















 !"#$%&'! ($)%$ *+,-%./! 0 +,1$)$2%+1 1$)./%+(!) !"%&(!) +%1+'0) (+ 3!14./+56! +,1$)$2%+(+
2$)%$ %1+"+/7!8 92&*&+/4$2%$ 0 +"!1(+(! ! *+)! ($ .4+ *7+,+ *!4 %1&2*+ *$2%1+/ 1$%+ )!"
*+1:+ (&2;4&*+< $4 =.$ 0 3$&%+ .4+ +2>/&)$ (+) (&3$1$2%$) 3!14+) ($ )$ +'+/&+1 + 92%$:1+56!
($ ?2$1:&+ ($ @!4-2&! A?@9B8 C +"!1(+(! .4 *+)! ($ *7+,+ *!4 %1&2*+ &2*/&2+(+ *$2%1+/
)!" *+1:+ (&2;4&*+< $4 =.$ 0 3$&%+ .4+ +2>/&)$ )!"1$ + &2fl.E2*&+ (! 2F4$1! ($ *0/./+) $ ($
*!4,1&4$2%! ($ %1&2*+ &2%$:1+(!8 C +"!1(+(! .4 *+)! ($ *7+,+ &)!%1G,&*+ *!4 1$3!15+(!1
*!4,G)&%!< $4 =.$ 0 3$&%+ .4+ +2>/&)$ )!"1$ + &2fl.E2*&+ (+) ,1!,1&$(+($) (! +($)&'! )!"1$
! *!4,!1%+4$2%! (&2;4&*! (+ *7+,+8 H!1 F/%&4! 0 +"!1(+(! .4 *+)! ($ *7+,+ *!4 %1&2*+
*$2%1+/ 1$,+1+(+ *!4 4+%$1&+/ *!4,G)&%! )!" *+1:+ (&2;4&*+8
 !, -./0/ 1&2$3/(/ 456 750/&'
 !"!# $%&'() *+',%)- .+,)
I4+ *7+,+ &)!%1G,&*+ %1&2*+(+ 1$%+2:./+1 0 +2+/&)+(+ )$4 ! .)! ($ 1$,+1! ($ 4+%$1&+/ *!4J
,G)&%! AK&:8L8MB8 N *7+,+ 0 )."4$%&(+ + .4+ *+1:+ (&2;4&*+ =.$ ,+))+ + +%.+1 2! &2)%+2%$
($ %$4,! τ = 0 $ ,$14+2$*$ *!2)%+2%$ +,G) + *!2%+:$48 C .%&/&O+(! ! 40%!(! (.+/ ($ $/$J
4$2%!) ($ *!2%!12! ,+1+ )&4./+56! (+ %1&2*+ $ ! 40%!(! ($ (.,/+ 1$*&,1!*&(+($ ($ $/$4$2%!)
($ *!2%!12! ,+1+ )&4./+56! (!) $3$&%!) ($ &201*&+8 N ($%$14&2+56! (!) 3+%!1$) ($ &2%$2)&(+($
($ %$2)6! 0 3$&%+ .%&/&O+2(! + &2%$:1+/ ($ $2$1:&+ ($ (!4-2&! A?@9B $ ! *1+*P %&, !,$2&2:
(&),/+*$4$2% AQR @B8 N )!/.56! 1$+/&O+(+ 2! (!4-2&! (! %$4,! 0 3$&%+ +%1+'0) (! 40%!(!
($ S!."!/% .%&/&O+2(! .4 %&4$ )%$, ($ τ = 0, 2µs $ TU &2)%+2%$) ($ %$4,!8 N (&)*1$%&O+56!
TV
 ! "#!$! % &'()! *)(+(,!- . /0 '+'1'-).2 3*! 45)(".2  '2".-)6-*.2 $!4! !  (2"4')(,!78.  .
".-).4-.9 ' :; '+'1'-).2 $!4!  (2"4')(,!78.  ! )4(-"!< =  (2)4(>*(78.  .2 '+'1'-).2 -! )4(-"!
% &'()! ".+."!- . /0 '+'1'-).2 $!4!  (2"4')(,!78.  ' "! ! $.-)!  ! )4(-"!9 ' ? '+'1'-).2 $!4!
. 4'2).  . ".1$4(1'-).  ! )4(-"! 3*' -8. % *)(+(,! . -! !$+("!78.  ! @AB<
C(D*4! ;<EF G#!$! ".1 )4(-"! "'-)4!+<
H8. *)(+(,! .2 I: -J2 (-)'4-.2 '1 "! ! 'K)4'1( ! '  ! )4(-"! $!4! !L!+(!78.  ! @AB9 ' M;
-J2 (-)'4-.2  (2)4(>*6 .2 $'+. 4'2).  .  .16-(.  ! "#!$!9 2'- . 3*'9 $!4! ! !-5+(2'  .2
'&'().2  ' (-%4"(! !)*!-)'2 -! "#!$! 28. *)(+(,! .2 ). .2 .2 /0; -J2 (-)'4-.2< N!4! ! !-5+(2'
 ! @AB  .(2 "!2.2 28. !-!+(2! .2< O $4(1'(4. *)(+(,!- . .2 )'41.2 ∂ui/∂xj  ! '3<P:<Q;R
.>)( .2 !)4!L%2  !  '4(L! ! (2.$!4!1%)4("!  .2  '2+."!1'-).2  .2 -J2 -! $.-)!  ! )4(-"!< O
2'D*- . "!2. !-!+(2! . % *)(+(,!- . ! (-)'D4!78.  !2 2.+*7S'2 &*- !1'-)!(2  '  '4(L! !  '
 '2+."!1'-).< H8. *)(+(,! !2 /0 "%+*+!2 (2.$!4!1%)4("!2 '1 "! ! $.-)!  ! )4(-"!9 ".1$.2)!2
4'2$'")(L!1'-)' $.4 I: -J2  '  .16-(. ' ET -J2  . ".-).4-.  ! )4(-"!< O2 4'2*+)! .2  '
&!).4'2  ' (-)'-2( ! '  ' )'-28. KI/K0 $!4! . $4(1'(4. "!2. 28.  ! .2 $'+! C(D<P;</R ' .2
&!).4'2  ' (-)'-2( ! '  ' )'-28. KI/K0 $!4! . 2'D*- . "!2. 28.  ! .2 $'+! C(D<P;<QR<
IE
 !"#$% &'() *+,*- ./%0% .12 3$!4.% .543$%67 #3!6!8%491 !:10%$%253$!8%;<1 9%: 95$!=%9%: 95
95:61.%25431'
> 35201 95 %4?6!:5 0%$% 1 0$!25!$1 .%:17 @1! 95 (AB :5"#491:7 54C#%431 0%$% 1 :5"#491 .%:1 @1!
95 DED :5"#491:' F 01::G=56 05$.5H5$ C#5 1: $5:#63%91: 91 :5"#491 .%:1 %0$5:543%2 05C#54%:
!435$@5$I4.!%: 4% .#$=%' J::%: !435$@5$I4.!%: :<1 95.1$$5435: 95 6!K1 4#2L$!.1 %H:1$=!91 056%
.120#3%;<1 9%: 95$!=%9%: 9!$5.!14%!: 95 95:61.%25431 ∂ui/∂xj7 #2% =58 C#5 % 1$952 95
"$%4958% 956%: L 2#!31 05C#54%' M1 0$!25!$1 .%:17 5::5: 35$21: :<1 1H3!91: 9!$53%25435 91:
$5:#63%91: 95 95:61.%254317 56!2!4%491 %::!2 1 $!:.1 95 %H:1$;<1 95 6!K1 4#2L$!.1 9#$%435 1
0$1.5::1 95 .120#3%;<1' >#3$1 @%31$ % :5$ 65=%91 52 .14:!95$%;<1 L % 9!@5$54;% 95 35201 95
.120#3%;<1' N3!6!8%491O:5 % 95$!=%9% !:10%$%2L3$!.% 91: 35$21: 95 95:61.%254317 56!2!4%O:5
% .120#3%;<1 95:45.5::?$!% 9% 5C#%;<1 !435"$%6 9%9% 056% 5C'PB'Q-R7 C#5 L % 5C#%;<1 !435"$%6
2%!: .%$% .120#3%.!14%625435 % :5$ 9!:.$53!8%9%'
S(
 !"#$% &'() *+,*- ./%0% .12 3$!4.% .543$%67 #3!6!8%491 !435"$%:;1 9%< <16#:=5< >#49%2543%!<
95 95$!?%9%< 95 95<61.%25431 5 >1$:%< 95 <#05$>@.!5'
A 41$2%6!8%:;1 91 >%31$ 95 !435<!9%95 95 354<;1 B >5!3% %3$%?B< 95 K0 = σ0
√
pia7 1495 a7 0%$%
1 .%<1 %4%6!<%91 B 9%91 056% 253%95 91 .120$!25431 9% 3$!4.%7 5 σ0 B % 354<;1 %06!.%9% 4%<
5C3$52!9%95< 9% ./%0%'
 !"!" #$%&'( )*&+$(, -&',%&(.(
D2% ./%0% !<13$E0!.% .12 #2% 3$!4.% !4.6!4%9% B %4%6!<%9% <52 #<1 95 $50%$1 95 2%35$!%6
.120E<!31 F !"'&'GH' A ./%0% B <#I253!9% % #2% .%$"% 9!4J2!.% K#5 0%<<% % %3#%$ 41
!4<3%435 95 35201 τ = 0 5 05$2%45.5 .14<3%435 %0E< % .143%"52' A<<!2 .121 41 .%<1 9%
3$!4.% .543$%6 $53%7 1 2B3191 9#%6 95 56525431< 95 .1431$41 B #3!6!8%91 0%$% <!2#6%$ % 3$!4.%7
5 1 2B3191 95 9#06% $5.!0$1.!9%95 95 56525431< 95 .1431$41 B #3!6!8%91 0%$% <!2#6%:;1 91<
5>5!31< 95 !4B$.!% <1I$5 % ./%0%' L< 2B3191< 95 1I354:;1 95 >%31$5< 95 !4354<!9%95 95 354<;1
<;1 1 MNLO 5 % PO+' Q5<35 .%<17 %054%< % 95$!?%:;1 !<10%$%2B3$!.% B #3!6!8%9% 0%$% 1I354:;1
91< 35$21< 95 95$!?%9% 9!$5.!14%6 95 95<61.%25431 ∂ui/∂xj' A <16#:;1 41 912@4!1 91 35201
B >5!3% %3$%?B< 91 2B3191 95 R1#I1637 .12 5<0%:1 95 3501 τ = 0, 2µs 5 S-- !4<3%435< 95
35201'
T(
 !"#$% &'() *+%,% -./ 0$!1-% !1-2!1%3%'
4(
 !"#$%&'"()*+, !) $-).) / 0&"') !& 1)2&"%) #"1"3)% ), !) $-).) $,1 '%"2$) %&')4 5'"3"()2!,
67 &3&1&2',# 85)!%9'"$,# !&#$,2':25,# .)%) ) !"#$%&'"()*+, !, $,2',%2,4 & ;< &3&1&2',#
85)!%9'"$,# !&#$,2':25,# .)%) !"#$%&'"()*+, !) '%"2$)=  !"#'%">5"*+, !,# &3&1&2',# 2) '%"2$)
/ 0&"') $,3,$)2!, 67 &3&1&2',# .)%) !"#$%&'"()*+, !& $)!) .,2') !) '%"2$)4 & ? &3&1&2',# .)%)
, %&#', !, $,1.%"1&2', !) '%"2$) 85& 2+, / 5'"3"()!, 2) ).3"$)*+, !) @AB= C+, 5'"3"()!,#
D; 2E# "2'&%2,# &1 $)!) &F'%&1"!)!& !) '%"2$) .)%) )G)3")*+, !) @AB & H7 2E# "2'&%2,#
!"#'%">5"!,# .&3, %&#', !, !,1:2", !) $-).)4 #&2!, 85&4 .)%) ) )293"#& !,# &0&"',# !& "2/%$")
)'5)2'&# 2) $-).) #+, 5'"3"()!,# ',!,# ,# 677 2E# "2'&%2,#= I)%) &#'& $)#,4 ,# %&#53')!,# !&
KI/K0 #+, !)!,# .&3) J"K=L<=;M & ,# %&#53')!,# !& KII/K0 #+, !)!,# .&3) J"K=L<=<M
J"K5%) <=;N OBPOQ $-).) $,1 '%"2$) $&2'%)3 "2$3"2)!)4 5'"3"()2!, "#,.)%)1&'%"()*+, !)#
!&%"G)!)# !& !&#3,$)1&2', & R< $/353)#=
D;
 !"#$% &'&( )**+), -.%/% -01 2$!3-% -432$%5 !3-5!3%6%7 #2!5!8%360 !90/%$%142$!8%:;0 6%9
64$!<%6%9 64 64950-%14320 4 =& ->5#5%9'
? 4$$0 $45%2!<0 1@A!10 /%$% KI/K0  !" #$ 22, 5% %&'& () *$)%! #$ &+,-".$ #$ /01 .$2(+3
#!.4 5$  !')& & .$ 6$'"fi8&' & "+fl(:+8"& #! +;)$'! #$ 8<-(-&. $ #$ 8!)%'")$+*! #$ *'"+8&
(*"-"=&#! +& &6&-"&>?! #& @5AB () .$2(+#! 8&.!  !" *$.*&#!4 C #".8'$*"=&>?!  !"  $"*& #$
)&+$"'& .$)$-D&+*$B %!'<)B (*"-"=&+#! #$.*& 6$= E0 $-$)$+*!. F(&#',*"8!. #$.8!+*G+(!. %&'&
#".8'$*"=&>?! #& *'"+8&B .$+#! H0 $-$)$+*!. (*"-"=&#!. %&'& #".8'$*"=&>?! #$ 8&#& %!+*& #&
*'"+8&B $ I $-$)$+*!. %&'& ! '$.*! #! 8!)%'")$+*! #& *'"+8& F($ +?! < (*"-"=&#! +& &%-"8&>?!
#& @5A4 J?! (*"-"=&#!. KL1 +M. "+*$'+!. $) 8&#& $N*'$)"#&#$ #& *'"+8& %&'& &6&-"&>?! #&
@5A $ O/ +M. "+*$'+!. #".*'"P("#!. %$-! '$.*! #! #!)G+"! #& 8D&%&B .$+#! F($B %&'& & &+,-".$
#!. $ $"*!. #$ "+<'8"& &*(&+*$. +& 8D&%& .?! (*"-"=&#!. *!#!. !. HL/ +M. "+*$'+!.4 Q&'& $.*$
8&.!B !. '$.(-*&#!. #$ KI/K0 .?! #&#!. %$-& R"24ST4EU $ !. '$.(-*&#!. #$ KII/K0 .?! #&#!.
%$-& R"24ST4IU
ET
 !"#$% &'() *+,*- ./%0% .12 3$!4.% .543$%6 !4.6!4%7%8 #3!6!9%471 !:10%$%253$!9%;<1 7%:
75$!=%7%: 75 75:61.%25431 5 >? .@6#6%:'
 !"#$% &'A) *++,*- ./%0% .12 3$!4.% .543$%6 !4.6!4%7%8 #3!6!9%471 !:10%$%253$!9%;<1 7%:
75$!=%7%: 75 75:61.%25431 5 >? .@6#6%:'
((
 !""# "!$%&'(# )*+')# ,%"% KI/K0 -#' .! 13, 4% ,%"% /) &!),# .! %0*$'1! .! 234 1!5/0.#16
7) &!"8!'"# 8%1# -#' %0%$'1%.#9 /&'$':%0.# .!1&% (!: ;<= 0>1 '0&!"0#1 ,%"% %(%$'%?@# .% ABC
!) 8%.% ,#0&% .% &"'08%9 5!"%0.# %11')9 2D 8E$/$%1 .! '0&!5"%?@# ,%"% 8%.% ,#0&% .% &"'08%9
! %/)!0&%0.# % .'18"!&':%?@# .! 8%.% ,#0&% .% &"'08% ,%"% <D !$!)!0&#16 F%"% !1&! 8%1#9 #1
"!1/$&%.#1 .! KI/K0 1@# .%.#1 ,!$% G'56H<6IJ6
G'5/"% <6IK LCCMLD 8N%,% 8#) &"'08% 8!0&"%$ '08$'0%.%9 /&'$':%0.# '1#,%"%)!&"':%?@# .%1
.!"'(%.%1 .! .!1$#8%)!0&# ! 2D 8E$/$%16
 !""# "!$%&'(# )*+')# .!1&! 8%1# ,%"% KI/K0 -#' .! 9, 7% ,%"% /) &!),# .! %0*$'1! .! =32
1!5/0.#16  1 "!1/$&%.#1 .! ABC .!(!"'%) 1!" '5/%'1 ,%"% #1 &"O1 8%1#19 ,#"E) ,%"% P/! '11#
%8#0&!?%9 .!(!Q1! 1%&'1-%:!" % 8#0.'?@# .%.% ,!$% !P6H<6RDJ9 # P/! 1'50'fi8% P/! # "%'# '0&!"0#
.% *"!% .! '0&!5"%?@# .!(! &!0.!" T 06 7)% (!: P/!9 ,%"% !11% -#")/$%?@#9 1! /&'$':% !$!Q
)!0&#1 P/%."'$*&!"#1 U'$'0!%"!19 0@# E %,"#,"'%.# 8#$%,1%" &"O1 0#1 !) /) V0'8# ,#0&#9 $#5#
!1&% 8#0.'?@# 0@# E 1%&'1-!'&%6 7)% -#")% .! 1! 8#0&#"0%" # ,"#U$!)% E &!0&%" &#"0%" # "%'#






  !" #$%&%'( Θ "))* )"%'+,-* ./0 +"12* !" #*12&+'34* .("50
67 89667: ;;9< =;<
;= 898><: 6?9= =:?
=8 898<8; @9: <:=
A'B"%' 7C6D E))* )"%'+,-* !' '-'%,'34* !" EFG "1 )"%'34* ' Θ
* !" Θ $ ' )"%'34* " +)" * )',* , +") * " "H+"),*) !' I)"' !" , +"5)'34*C J )"%'34* " +)"
Θ " * "))* )"%'+,-* !" KI/K0 " +)" * 1$+*!* !' EFG " * 1$+*!* !" KALF $ !'!* 2"%'
+'B"%'.7C60C J #*12')'34* " +)" -'%*)"( !" Θ " * "))* )"%'+,-* !" KII/K0 2')' *( +)M( #'(*(
 4* $ 'B*)!'!'  "(+' !,(#&((4*9 &1' -"N O&" ' -'),'34* " +)" "%"( $ !"(2)"NP-"%C
 !" #$%&% '() *+,(-.%/(- #()&0123(
Q1' #R'2' !" '3* ,(*+)S2,#' #*1 )"T*)3'!*) #*12S(,+* (*B #'))"5'1" +* !, U1,#* $ ' '%V
,('!' .W,5C7C680C J( !,1" (X"( !' #R'2' (4* 200mm !" %')5&)' " 400mm !" '%+&)'C J(
!,1" (X"( !* )"T*)3'!*) (4* 140mm !" %')5&)' " 140mm !" '%+&)'9 %*#'%,N'!*  * #" +)*
!' #R'2'C J #R'2' $ (&B1"+,!' ' &1' #')5' !, U1,#' !" 100MPa9 O&" 2'((' ' '+&')  *
, (+' +" !" +"12* τ = 0 " 2")1' "#" #* (+' +" '2S( ' #* +'5"1C L 1S!&%* !" "%'(+,#,!'!"
!' #R'2' $ !" E = 220GPa9 * 1S!&%* !" Y*,((* $ ν = 0, 39 ' "(2"((&)' $ hs = 1mm " !" V
(,!'!" $ !" ρs = 5000Kg/m
3
C L( 1S!&%*( !" "%'(+,#,!'!" !* )"T*)3'!*) (4* E1 = 220GPa "
E2 = 430GPa9 * 1S!&%* !" #,('%R'1" +* $ G = 77, GPa9 * 1S!&%* !" Y*,((* $ νr = 0, 42869
' "(2"((&)' $ hr = 1mm " !" (,!'!" $ !" ρr = 5000Kg/m
3
C L 1$+*!* !' !&2%' )"#,2)*#,V
!'!" !" "%"1" +*( !" #* +*) * $ &+,%,N'!* +' +* 2')' (,1&%') *( "T",+*( !" , $)#,' !' #R'2'
" !* )"T*)3'!*) O&' +* 2')' (,1&%') ' , +")'34* " +)" #R'2' " )"T*)3'!*)C J (*%&34*
)"'%,N'!'  * !*1P ,* !* +"12* $ T",+' '+)'-$( !* 1$+*!* !" Z*&B*%+ &+,%,N' !* &1 +,1" (+"2
!" τ = 0, 2µs " :< , (+' +"( !" +"12*C
:@
 !"#$% &'()* +,%-% ./0 $12/$3%4/$'
5 4!6.$17!8%39/ 4% .,%-% : 21!7% #7!;!8%<4/ => 1;101<7/6 ?#%4$@7!./6 416./<7A<#/6 -%$% %
4!6.$17!8%39/ 4/ 61# ./<7/$</ 1 % 4!6.$17!8%39/ 4/ $12/$3%4/$ : 21!7% #7!;!8%<4/ >) 1;101<7/6
?#%4$@7!./6 ./<7A<#/6 -%$% 4!6.$17!8%39/ 41 61# ./<7/$</' B9/ #7!;!8%4/6 (CD <E6 !<71$</6
%/ $12/$3%4/$ -%$% %F%;!%39/ 4/6 121!7/6 41 !<:$.!% %7#%<716 6/G$1 1;1 1 4% !<71$%39/ 1<7$1
.,%-% 1 $12/$3%4/$' B9/ #7!;!8%4/6 7%0G:0 >H <E6 !<71$</6 I .,%-%J <9/ ./0-%$7!;,%4/6 %/
$12/$3%4/$J ?#1 10 ./<K#<7/ ./0 /6 /#7$/6 (CD <E6J 69/ #7!;!8%4/6 -%$% %F%;!%$ /6 121!7/6 41








/<41 b : % 71<69/ .!6%;,%<71 %7#%<71 <% .%0%4% %416!F%J GA : / 0E4#;/ 41 1;%67!.!4%41
7$%<6F1$6%; 4% .%0%4% %416!F%J 1 hA : % 16-166#$% 4% .%0%4% %416!F%J -/41N61 %66#0!$ ?#1 /
./0-/$7%01<7/ 4!<O0!./ 4% .,%-% ./0 $12/$3%4/$ ./0-E6!7/ F%$!% 41 %./$4/ ./0 % F%$!@F1;
Λ = GA/hA'
H)
 !"#$% &'(() *!+,-$./- $01%,!2% 3% 45%6%'
 %7083- % %891!+0 6%$% : 4%+-+; -830 $0+604,!2%<08,0 Λ = 0; Λ = 5, 50MPa/mm; Λ =
55MPa/mm 0 Λ = 550MPa/mm; 0 4-8+!30$%83- =#0 % 3!+,-$./- $01%,!2% 3% 45%6%; <-+,$%3%
8%  !"'>&'((?; @ 3%3% 6-$)
Ξ = (ur2 − ur1) /ur1, >&'A?
- 30+1-4%<08,- 3!8B<!4- <9C!<- 3% 0C,$0<!3%30 +#60$!-$ 3% 45%6% 0 +#% 3!+,-$./- $01%D
,!2% +/- 3%3-+ 601% ,%E01%>&'F?' G< -#,$- 4-<6-$,%<08,- =#0 2%$!% 4-< % 2%$!9201 Λ; @ %
3!+,$!E#!./- 30 ,08+H0+ %- 1-8"- 3% 4%<%3% %30+!2% > !"'&'(F?' I 6-++J201 60$40E0$ =#0 %
<03!3% =#0 +0 %#<08,% Λ; % $!"!307 3% K#8./- %#<08,% 0 %+ ,08+H0+ ,0830< % +0 4-8408,$%$
8%+ E-$3%+ 3- $0L-$.%3-$'
M(
Λ(MPa/mm) Deslocamento max.(10−4mm) Ξ(%)




+,-./, #0*1 2,/34.5 6. 6.5/37,8.9:3 . 6;5:34<=3 >,4, 6;?.4.9:.5 Λ
Λ(MPa/mm) 4.?34<3 6;90 (10−4mm) 4.?34<3 5:,0 (10−4mm) @443 4./,:;A3 (%)
&"& !"&%$ !"&%'  0'!
&& !"(' !"(*#  0*!
&& !"'#' !"' ' ("(
+,-./, #0'1 B.5/37,8.9:3 8CD;83 6, .D:4.8;6,6. 5E>.4;34 6, 7F,>, 738 3E 5.8 .?.;:35 6.
;9G47;, ,:E,963 53-4. 3 4.?34<,6340
H;IE4, #0!*1 B;5:4;-E;<=3 6. :.95J.5 93 ,6.5;A30
K395;6.4,963 , .L0M(0!(N" . ?,O.963 , 8.58, ,A,/;,<=3 635 6.5/37,8.9:35 6;9P8;735 8CD;835
6, .D:4.8;6,6. 5E>.4;34 7F,>," 5.8 7395;6.4,4 35 .?.;:35 6. ;9G47;, ,:E,9:.5 63 4.?34<,634"
>.47.-.Q5. LE. 35 .?.;:35 6. ;9G47;, ,:E,9:.5 93 4.?34<,634 9=3 ;9flE.97;,8 3 738>34:,8.9:3
6;9P8;73 6, 7F,>, 6. 8,9.;4, 5;I9;fi7,:;A, 5. Λ ?34 4./,:;A,8.9:. >.LE.93" 7383 5. >36.
A.4 9, :,-./, M#0'N0
$*
 !" #$%&% '()*+%,% +-. /0&%(- #-.&12)3-
 !" #$"%" &' "() *+),-.%*#" ,-*/#"&" #)! -'%"-) #)!%.+*,) +)0 #"--'1"!'/,) &*/2!*#) 3
"/"4*+"&" 56*17879:;7 <+ &*!'/+='+ &" #$"%" +>) 200mm &' 4"-1?-" ' 400mm &' "4,?-"7
< ,-*/#" 3 4)#"4*@"&" /) #'/,-) &" #$"%"A #)! &*!'/+>) 2a = 48mm7 <+ &*!'/+='+ &)
-'%"-) +>) 140mm &' 4"-1?-" ' 140mm &' "4,?-"A 4)#"4*@"&) /) #'/,-) &" #$"%"7 < #$"%" 3
+?0!',*&" " ?!" #"-1" &*/2!*#" &' 100MPaA B?' %"++" " ",?"- /) */+,"/,' &' ,'!%) τ = 0 '
%'-!"/'#' #)/+,"/,' "%.+ " #)/,"1'!7 C !.&?4) &' '4"+,*#*&"&' &" #$"%" 3 &' E = 220GPaA
) !.&?4) &' D)*++)/ 3 ν = 0, 3A " '+%'++?-" 3 hs = 1mm ' &'/+*&"&' 3 &' ρs = 5000Kg/m
3
7
C+ !.&?4)+ &' '4"+,*#*&"&' &) -'E)-("&)- +>) E1 = 220GPa ' E2 = 430GPaA ) !.&?4) &'
#*+"4$"!'/,) 3 G = 77, GPaA ) !.&?4) &' D)*++)/ 3 νr = 0, 4286A " '+%'++?-" 3 hr = 1mm '
&'/+*&"&' 3 &' ρr = 5000Kg/m
3
7 C !3,)&) &?"4 &' '4'!'/,)+ &' #)/,)-/) 3 ?,*4*@"&) %"-"
+*!?4"- " ,-*/#"A ' !3,)&) &" &?%4" -'#*%-)#*&"&' &' '4'!'/,)+ &' #)/,)-/) 3 ?,*4*@"&)A ,"/,)
%"-" +*!?4"- )+ 'E'*,)+ &' */3-#*" &" #$"%" ' &) -'E)-("&)-A B?"/,) %"-" +*!?4"- " */,'-"(>)
'/,-' #$"%" ' -'E)-("&)-7 < +)4?(>) -'"4*@"&" /) &)!F/*) &) ,'!%) 3 E'*," ",-"G3+ &) !3,)&)
&' H)?0)4,A ?,*4*@"/&) ?! ,*!' +,'% &' τ = 2µs ' 8 */+,"/,'+ &' ,'!%)7
6*1?-" 879:I J$"%" #)! ,-*/#" #'/,-"4 ' -'%"-) #)!%.+*,)7
< &*+#-',*@"(>) &" #$"%" ' &" ,-*/#" 3 +'!'4$"/,' ") &) #"+) &' #$"%" #)! ,-*/#" -'," +'!
-'%"-)A 0'! #)!) " &*+,-*0?*(>) &' /.+ ' #34?4"+ ?,*4*@"&)+ /" "G"4*"(>) &" KLM ' &)+ /.+
N:
 !"#$!%& '($( ()(* (+,% -%& #.# "%& -#  !/$0 ( #  !"#$(+,% #!"$# 01('( # $#'($%2
3 45$( 62789 :;<:= 01('( 0%> "$ !0( 0#!"$(* # $#'($% 0%>'?& "% 5" * @(!-% A8 0/*5*(&2
B $#*(+,% Λ = 22(MPa/mm) / 5" * @(-( '($( #&"# 0(&%C # %& $#&5*"(-%& -# .("%$#& -#  !"#!& D
-(-# -# "#!&,% - !E> 0%& KI 5" * @(!-% %& >/"%-%& -# FGHI # JI; &,% -(-%& '#*( 3 4K6278L2
M '%&&N)#* %O&#$)($ P5# (& "#!&Q#& ("5(!"#& !( 0(>(-( (-#& )( -#&"( )#@ &# 0%!0#!"$(> (%
*%!4% -( O%$-( -% $#'($% # -( "$ !0(C 0%>% &# '%-# )#$ !( 3 42K627RL2
3 45$( 627R9 I &"$ O5 +Q#& -# "#!&Q#& !( 0(>(-( (-#& )(2
S8
 !"#$%" &' (' )#$*$+,- '(.,/"( &' #'!." 0"1($&'-,%'*!'1#' !,$"-'( .,-, '(#' 0,("2 3 ,
.")0, 0"!.,#$4$*$&,&' '1#-' " !3#"&" &),* &' '*'!'1#"( &' 0"1#"-1" ' " !3#"&" &' &).*,
-'0$.-"0$&,&' &' '*'!'1#"( &' 0"1#"-1"5 6"!" &$(0)#$&" ,1#'-$"-!'1#'2 #-$10,( ($!)*,&,(
,#-,%3( &" !3#"&" &),* &' '*'!'1#"( &' 0"1#"-1" ,.-'('1#,! !)$#, ('1($4$*$&,&' ,0'*'-,/7'(
'(.8-$,( &'0"--'1#'( &, ,.*$0,/9" !3#"&" &' :")4"*# ' , .-"4*'!,( &' !,* 0"1&$0$"1,!'1#"
&'0"--'1#'( &, &$;'-'1/, &' "-&'! &' <-,1&'+, &"( #'-!"( -';'-'1#'( , 0=,., ' &"( #'-!"(
-';'-'1#'( ," ,0".*,!'1#" '1#-' 0=,., ' -'.,-"5 >" 0,(" &, ,1?*$(' &' ';'$#"( &' $13-0$,2 '(#'
.-"4*'!, ."&' ('- ().'-,&" ,.*$0,1&" , ;"-!)*,/9" ,1$("#-@.$0, A 0=,.,2 )#$*$+,1&" " 0,("
.,-#$0)*,- $("#-@.$0"5 B"-3!2 " !'(!" .-"0'&$!'1#" 19" ."&' ('- ,.*$0,&" 0"! ()0'((" 1"




 !" #$%&'()*+) ,-%.-)
 !" #$%&'&()#*! (&')& )%#+#,-!. /0# 1!%0/,#23! *& &,&0&()!' *& 4!()!%(! $#%# #(5,"'& *&
4-#$#' "'!)%6$"4#' )%"(4#*#' 4!0 %&$#%!' *& 0#)&%"#, 4!0$6'")! 4!,#*!7
 !" #$%&'&()#*# /0# %&8"'3! *# )&!%"# *# &,#')"4"*#*& $,#(# $#%# 4-#$#' "'!)%6$"4#'. +&0
4!0! # !+)&(23! *#' '!,/29&' 1/(*#0&()#"' *& *&',!4#0&()!' & 1!%2#' *& '/$&%1:4"& $#%# &')&
4#'!7
 !" #$%&'&()#*# /0# %&8"'3! *# )&!%"# *& &,#')"4"*#*& $,#(# $#%# 4-#$#' #("'!)%6$"4#'7 ;
)&!%"# *& ,#0"(#*!' '"0<)%"4!' 1!" /)","=#*# #fi0 *& '& !+)&% #' &?/#29&' *& $%!$%"&*#*&'
&,5')"4#' &?/"8#,&()&' # $#%)"% *& 4#*# ,@0"(# !%)!)%6$"4# $&%)&(4&()& #! ,#0"(#*! '"0<)%"4!7
; $#%)"% *&''#' &?/#29&'. 1!%#0 #$%&'&()#*#' #' '!,/29&' 1/(*#0&()#"' *& *&',!4#0&()! &
1!%2#' *& '/$&%1:4"& $#%# 4-#$#' #("'!)%6$"4#'7
 !" #$%&'&()#*# # &?/#23! "()&A%#, *& 4!()!%(! ?/& A!8&%(# ! 4!0$!%)#0&()! *"(@0"4! *#
4-#$# )%"(4#*# 4!0 %&$#%! *& 0#)&%"#, 4!0$6'")!7  !" #$%&'&()#*# )#0+<0 /0# +%&8& %&B
8"'3! *! 0<)!*! *& &,&0&()!' *& 4!()!%(!7 ;' &?/#29&' ?/& A!8&%(#0 ! 4!0$!%)#0&()!
*"(@0"4! *# 4-#$# & *! %&$#%! 1!%#0 !+)"*#' #)%#8<' *# )&!%"# *# &,#')!&')5)"4#. '!1%&(*!
#*"23! *!' )&%0!' *& "(<%4"#7
 !" #$%&'&()#*! ! 0<)!*! */#, *& &,&0&()!' *& 4!()!%(! CDEFGH. /)","=#*! $#%# ! 0!*&B
,#A&0 *# )%"(4#7  !" #$%&'&()#*! )#0+<0 ! 0<)!*! *& */$,# %&4"$%!4"*#*& *& &,&0&()!' *&
4!()!%(! CDIEFGH. /)","=#*! $#%# ! 0!*&,#A&0 *!' &1&")!' *& "(<%4"# *# 4-#$# "'!)%6$"4#
& *! %&$#%! #("'!)%6$"4!7 J 0<)!*! *& */$,# %&4"$%!4"*#*& *& &,&0&()!' *& 4!()!%(! '&
0!')%!/ &fi4#= $#%# 0!*&,#% $%!+,&0#' *& 1!%2#' *& 4!%$!. $!%<0 &K"')&0 %&')%"29&' ?/#()!
#! '&/ /'! 4!0+"(#*! 4!0 ! 0<)!*! */#, *& &,&0&()!' *& 4!()!%(!7 L! 4#'! *# 0!*&,#A&0
MN
 ! !"!#$%&  ! #'()*#+, + &%-./0% ".' +1!'$+-  !  !&-%*+1!'$%&  + !-+&$#*# + ! 2-+'+ #&%$)32#*+
'0% ( + !4.+ + 2+)+ &!) .&+ + *%1 + *%15#'+/0% 6789 ! 6:789; 8&$! 2)%5-!1+ 2< !
&!) &.2!)+ % 1% !-+' % + *=+2+ $)#'*+ + +$)+>(&  + &%-./0% ".' +1!'$+-  !  !&-%*+1!'$%&
 + !-+&$#*# + ! 2-+'+ +'#&%$)32#*+ 2+)+ % *+&% 2+)$#*.-+)  ! 4.+&!?#&%$)%2#+ (E1 ∼= E2); @%
*+&%  + 1% !-+A!1  %& !"!#$%&  ! +*%2-+1!'$% !'$)! *=+2+ ! )!2+)%, 1!&1% "+B!' %?&! .&%
 +& &%-./C!& ".' +1!'$+#&  !  !&-%*+1!'$% +'#&%$)32#*+&, + $)#'*+ 1%&$)%.?&! 1.#$% &!'&D>!-
+ >+)#+/C!&  + )!-+/0% Λ ! + >+)#+/C!&  ! 2+&&%&  ! $!12%; E&&% $%)'+ % 1($% % +2)!&!'$+ %
&%1!'$! +2-#*F>!- + 2)%5-!1+& *%1 5+#G+ )!-+/0% Λ ! + >+-%)!&  ! 2+&&%  ! $!12% )!-+$#>+?
1!'$! +-$%&;
H+)+ %& *+&%& !1 4.! &! "!B + +'F-#&!  ! $)#'*+& *%15#'+ +& *%1 % 6:789, '0% *%'&# !)+?&!
%& !"!#$%&  ! "%)/+&  ! *%)2% +$.+' % &%5)! + $)#'*+, .1+ >!B 4.! + +2-#*+/0%  % 6:789
&%5)! 2%'$%& *%#'*# !'$!&  + $)#'*+ A!)+ 2)%5-!1+&  ! &#'A.-+)# + !; I.$)% 2%'$% + &!)
*%'&# !)+ % ( 4.!, 2!-% "+$%  + $)#'*+ '0% &!) 1% !-+ + &%5 % !"!#$%  ! "%)/+&  ! *%)2%,
'!*!&&#$+?&! .$#-#B+) 1+#& '3& #'$!)'%& 2)3G#1%& + $)#'*+, &!' % +&&#1, +  #&*)!$#B+/0%  +
$)#'*+  !>! &!) "!#$+ -!>+' %?&! !1 *%'&# !)+/0% + 2)%G#1# + !  %& '3&;
J$)+>(&  % 6:789, "%# 1%&$)+ + + $)+'&"%)1+/0%  +& #'$!A)+#&  !  %1D'#% !1 .1 &%1+$3)#%
 ! *%'$%)'%, 5!1 *%1% +  #&*)!$#B+/0%  +& !4.+/C!& #'$!A)+#&  ! *%'$%)'% )!&.-$+'$!& !1 !-?
!1!'$%&  ! *%'$%)'%;
K1 1($% %  ! &%-./0% '%  %1D'#%  % $!12% L7($% %  ! M%.5%-$N "%# +2)!&!'$+ %; 8&$!
1($% % 2%&&.# .1 +1%)$!*#1!'$% '.1()#*% #'!)!'$! + !-!, 4.! 2% ! &!) )! .B#' %  #1#'.#' %?
&! % 2+&&%  ! $!12% .$#-#B+ %; H%)(1, )! .B#' % !G*!&&#>+1!'$! %& !&2+/%&  ! $!12%,
#'&$+5#-# + !& $!' !1 + &.)A#), 2)#'*#2+-1!'$! 2+)+ % *+&%  ! $)#'*+& *%15#'+ +& *%1 )!2+)%;
O%# +2)!&!'$+ % $+15(1 % &#&$!1+  ! 1+$)#B!& + &!) )!&%-># % + *+ + #'&$+'$!  ! $!12%, )!?
&.-$+'$!  + +2-#*+/0%  % 1($% %  ! M%.5%-$;
6%#& 1($% %&  ! +>+-#+/0%  ! "+$%)!&  ! #'$!'&# + !  ! $!'&0% "%)+1 +2)!&!'$+ %&; O%#
+2)!&!'$+ + + "%)1.-+/0%  % 1($% % 9)+*P Q#2 I2!'#'A 6#&2-+*!1!'$ L9QI6N, 4.! +>+-#+
+  #"!)!'/+  !  !&-%*+1!'$%  ! .1 %. 1+#& 2%'$%& *%#'*# !'$!&  + $)#'*+; O%# +2)!&!'$+ +
$+15(1 + "%)1.-+/0%  % 1($% %  ! #'$!A)+-  ! !'!)A#+  !  %1D'#% L86EN, 4.! +>+-#+ + !'!)?
A#+  !  !"%)1+/0% 2)!&!'$! '+ )!A#0% 2)3G#1+ + 2%'$+  + $)#'*+ ! ( %5$# + +$)+>(&  + #'$!A)+-
Jˆ ; I 1($% %  ! 9QI6 ( % 1+#& &#12-!&  ! &! #12-!1!'$+) *%12.$+*#%'+-1!'$!, ! +2)!&!'$+
)!&.-$+ %& 5+&$+'$! &+$#&"+$3)#%&, 1!&1% .$#-#B+' % +2!'+& .1 2+)  ! '3& *%#'*# !'$!&, &!1
+ '!*!&&# + !  ! &! *%'&# !)+) !"!#$%&  ! #'()*#+ ! +*%2-+1!'$% !1 &.+ "%)1.-+/0%; I 1($% %
RS
 ! "#$ %&'!(!)*% '!(+,*% -( .%(*%)*! (%*/(0%*1'/-( &%'% -( 2%(-( %)%,/(% -(3 ! &!'4/*! 0+*+5
'%4!)*! % /4&,!4!)*%67-  ! !0!/*-(  ! &,%(*/2/ % ! ! &'-&%8%67-  ! *'/)2%9
:4%  !(;%)*%8!4  - 4<*- -  ! "#$ < =+!3 &!,- 0%*-  ! (!' +4% /)*!8'%,  ! >'!%3 2'/%5(! %
)!2!((/ % !  ! (! 2'/%' &-)*-(  ! %)>,/(! 4+/*- &'1?/4-( % % &-)*%  % *'/)2%3 ! 2-)(!=@!)5
*!4!)*! !?/8! +4 '!fi)- 4+/*- 4%/-'  % *'/)2% &!'*-  % '!8/7-  ! %)>,/(!9 B+*'- &'-.,!4%
/)!'!)*! % %&,/2%67-  % "#$ +*/,/C%) - !,!4!)*-( /(-&%'%4<*'/2-( ./=+% '>*/2-(3 < % 2'/%67-
+4% C-)% )7- /)*!8'>;!,  ! '%/- 4%/-' =+! C!'- )% &-)*%  % *'/)2%3 0%C!) - =+! % 2-) /67-
 % % &!,% !=9DE9FFG )7- (!H% 2+4&'/ %9 I%'% (! (+&!'%' !((! &'-.,!4%3  !fi)!5(! - '%/- !?5
*!')- % >'!%  ! /)*!8'%67-3  ! 0-'4% =+! - '%/- /)*!')- (!H%  !(&'!CJ;!,9
:4 &-)*- /4&-'*%)*! % (!' '!((%,*% - < =+!3 -( *!'4-( '!0!'!)*!( % /)<'2/% ! %2-&,%4!)*-
 % "#$ (7- 4+/*- &!=+!)-(3 ! /((- (!  !;! %- 0%*-  ! (!'!4 +(% -( )- &'/4!/'- *!'4-  %
!=+%67-3 ;%,-'!(  ! *!)(7-3  !0-'4%67- !  !'/;% %(  !  !(,-2%4!)*- -.*/ -( %*'%;<(  ! 0-'5
4+,%67-  /)K4/2%9 $((- 2'/% +4% ;%)*%8!4 &%'% - +(-  % /)*!8'%, Jˆ 3 =+! &-' )7- (!' +4%
/)*!8'%,  ! >'!%3 )7- 2'/% % )!2!((/ % ! &-)*-(  ! %;%,/%67- 4+/*- &'1?/4-( % &-)*%  % *'/)2%3
! 2-)(!=+!)*!4!)*! '! +C - 2+(*- 2-4&+*%2/-)%,  % %)>,/(!9 B+*'% ;%)*%8!4 < =+!3 &!,-
0%*-  -( *!'4-(  ! /)<'2/% !  ! %2-&,%4!)*-  % /)*!8'%, Jˆ 3 *%4.!4 &%'*/,L% -( &!,% "#$3 )7-
&-((+J'!4 % 0+)67-  ! /)*!8'%67- =+% '>*/2% q3 )7- L> % )!2!((/ % !  ! (! +*/,/C%' !,!4!)*-(
./=+% '>*/2-(3 &- !) -5(! +*/,/C%' !)*7- !,!4!)*-( ./,/)!%'!(9
:4% ;%)*%8!4 /4&-'*%)*!  - 4<*- -  % "#$ !4 '!,%67- % /)*!8'%, Jˆ 3 < =+!3 0%C!) -5(! +(-
 ! 2<,+,%( /(-&%'%4<*'/2%( ./=+% '>*/2%(3 &- !5(! -.*!' 4%/( 0%2/,4!)*!3 ! 2-4 4%/-' &'!5
2/(7-3 -( ;%,-'!(  %(  !'/;% %(  /'!2/-)%/(  !  !(,-2%4!)*-  % !=+%67- %*'%;<(  %  !'/;%67-
/(-&%'%4<*'/2%  -( ;%,-'!(  !  !(,-2%4!)*-  -( )1(  ! %)>,/(!9 :4% ;!C =+! % -' !4  !
8'%) !C%  !((!( ;%,-'!(  !  !'/;% %(  /'!2/-)%/(  !  !(,-2%4!)*- &- !4 ;/' % (!' 4+/*- &!5
=+!)-(3 -( ;%,-'!(  ! 0%*-'!(  ! /)*!)(/ % !  ! *!)(7- -.*/ -( %*'%;<(  % /)*!8'%67- &- !4
%&'!(!)*%' '+J - )+4<'/2-9 M%C!) - %  !'/;%67- /(-&%'%4<*'/2%  -( ;%,-'!(  !  !(,-2%4!)*-
(! 8%'%)*! =+! -( '+J -( (7- /)!?/(*!)*!(9 B+*'% ;%)*%8!4 < =+! !,/4/)%5(! % )!2!((/ % !  %
%;%,/%67-  % !=+%67- /)*!8'%,  !  !0-'4%6N!(3  % % &!,% !=9DE9OPG3 =+! < % 4%/( 2%'% 2-45
&+*%2/-)%,4!)*!  %( !=+%6N!( /)*!8'%/( %&'!(!)*% %( )!(*! *'%.%,L-9
I%'% - 2%(-  % 0-'4+,%67-  % /)*!8'%, Jˆ 3 ! &%'% - 2%(-  % "#$3 0-'%4 %&'!(!)*% -( -(
&'-2! /4!)*-(  ! -.*!)67-  -( 0%*-'!(  ! /)*!)(/ % !  ! *!)(7- KI ! KII3 .!4 2-4- -(
&'-2! /4!)*-(  !  !(%2-&,%4!)*-  %( ;%'/>;!/( +*/,/C% %( )%( /)*!8'%6N!(9
M-/ %&'!(!)*% - +4 2%(-  ! 2L%&% 2-4 *'/)2% 2!)*'%, '!*% (!4 '!&%'- ! +4 2%(-  ! 2L%&%
QQ
 !" #$%& '  (&#$') %& )%&'*' +(" $(,'$!- .'"/0" 1!% ',$(+(&#'*! 2"  '+! *(  3',' +("
#$%& '  !" $(1!$4'*!$  !",5+%#!  !)'*!- 6!$ 7)#%"!8 1!% ',$(+(&#'*! 2"  '+! *(  3','  !"
#$%& '  (&#$') $(#' ( $(,'$!  !",5+%#!  !)'*!-
 !" #$%&%'()' &)$) *$)+),-%' ./(/$%'
9% '"  !"! +2:(+#;(+ ,'$' #$'/')3!+ 12#2$!+<
 =",)("(&#'4>! *!+ (1(%#!+ *( fl(@>! *'  3',' *(A%*! ' *%1($(&4' *( ,!+%4>! 1!$' *!
,)'&! (&#$( '  3',' ( ! $(,'$!-
 B&C)%+( ,!$ "(%! ')#($&'#%A! *! ,$!/)("' ',$(+(&#'*!8 *( 1!$"' D2( +( ()%"%&( ' +(&E
+%/%)%*'*( *' #$%& ' ' 1!$4'+ *(  !$,! ,$(+(&#( &' ',)% '4>! *! FGHIJ-
 K($%fi '4>! *' ,!++%/%)%*'*( *' ',)% '4>! *! FGHIJ '!+ &5+ *' #$%& ' ,!$ "(%!+ ')E
#($&'#%A!+-
 =",)("(&#'4>! *( 1!$"2)'4>! "'%+ ()'/!$'*' ,'$' ! ' !,)'"(&#! (&#$( '  3',' ( !
$(,'$!8  !&+%*($'&*! &>! )%&('$%*'*( ( #(&+;(+ &!$"'%+ '#2'&#(+ &! '*(+%A!-
 =",)("(&#'4>! *( (1(%#!+ *( ,)'+#% %*'*( &' ,!&#' *' #$%& ' &' (D2'4>! *' IF=-




 !" #$%&'&()'&(* +, -,.#/0$12( 3( 4)5%$(672 81/961:52 (6 ;7<()1712 #/125<)=>1:52 ?27/35
5 ;@<535 3( +$(6(/<52 3( A5/<5)/5B, A76>1/72C ?/1D()21373( +2<73&7$ 3( A76>1/72*
EFF!* !GH >, I(2( J85&<5)735K
 E" #$%&'&()'&(* +, -,* L5$$()5* 4, 7/3 #$17%731* ;, M, .IN( %5&/37)O ($(6(/< 6(<N53
7>>$1(3 <5 <16( 3(>(/3(/< >)5%$(62 1/ 7/125<)5>1: 67<()17$2B* P/<, Q5&)/7$ 5R L5$132 7/3
L<)&:<&)(2* STU !VFHW!VEE JEFFEK
 S" #$17%731* ;, M,.IN( %5&/37)O ($(6(/< 6(<N53 W #>>$1:7<15/2 1/ 25$13 2<)&:<&)(2B* D5$,PP*
X1$(O* EFFE
 V" Y7Z()* #,* [52(* \,* ( Q5/(2* \, J(32K* #3D7/:(2 1/ A56>521<( [(>71) 5R ;(<7$$1: #1):)7R<
L<)&:<&)(2* ],! ( ],E* +$2(D1()* #62<()376* EFFE,
 H" Y)(%%17* A, #, 7/3 8561/^&(_ Q,.Y5&/37)O +$(6(/< W #/ P/<)53&:<5)O A5&)2(B, A56W
>&<7<15/7$ ;(:N7/1:2 4&%$1:7<15/2* E7 (3, L5&<N76><56 J!T`TK,
 G" A121$1/5* #, 4, 7/3 a)<1_* Q,.Y5&/37)O ($(6(/< 7/7$O212 5R <N)((W316(/215/7$ 61b(3W653(
:)7:Z2 D17 <N( 1/<()7:<15/ 1/<(^)7$,B A56>&<7<15/7$ ;(<N532 #>>$1(3 1/ ;(:N7/1:7$ +/W
^1/(()1/^* !TVCTSHWTHG JEFFHK
 c" 81)^7/<7)7* I,* #$17%731* ;, M,* . # /(d %5&/37)O ($(6(/< R5)6&$7<15/ R5) 2N(7) 3(W
R5)67%$( 2N($$2 7/7$O212B* P/<()/7<15/7$ Q5&)/7$ R5) e&6()1:7$ ;(<N532 1/ +/^1/(()1/^*
VHC!EHcW!EcH* !TTT,
 `" 81)^7/<7)7* I,* #$17%731* ;, M,* . 8&7$ %5&/37)O R5)6&$7<15/ R5) R)7:<&)( 6(:N7/1:2 7/7$W
O212 5R 2N(7) 3(R5)67%$( 2N($$2B* P/<()/7<15/7$ Q5&)/7$ 5R L5$132 7/3 L<)&:<&)(2* S`CccGTW
c`FF* EFF!,
TF
 !" #$%&'()'%'* +,-./0(1'%2 34353() '('426$6 /7 8%'896 $( 6:3'% 137/%5';43 <4')36 '(1 6:3446=*
+/<$86 $( >(&$(33%$(&* ?,@A* B/0):'5<)/(* C+D E%366, FGGF,
 HG" #/5$(&03I J,-./0(1'%2 >4353()6 $( #2('5$86=, K/5<0)')$/('4 L38:'($86 E0;4$8'M
)$/(6* F' 31, B/0):'5<)/5 NH!!AO,
 HH" >%1/&'(* P,* 3 Q%$(* R,* -Q 6'(1S$8: <4')3 S$): ' <'%)M):%/0&:'(1 13;/(1$(& 8%'89=*
>(&$(33%$(& P%'8)0%3 L38:'($86* @T@@!M@UV* H!WF,
 HF" P3134$(69$* E, '(1 Q4$';'1$* L, X,-+:3 10'4 ;/0(1')2 34353() 53):/1 $( 12('5$8
7%'8)0%3 538:'($86,= >(&$(33%$(& Q('426$6 S$): ./0(1'%2 >4353()6* HFTFGAMFHG NH!!AO
 HA" P3134$(69$* E,* Q4$';'1$* L, X, '(1 Y//93* #, E,-+:3 10'4 ;/0(1')2 34353() 53):/1T
JˆM$()3&%'4 7/% 12('5$8 6)%366 $()3(6$)2 7'8)/%6,= D()3%(')$/('4 J/0%('4 /7 P%'8)0%3* ZUTAZ!M
AVH NH!!@O
 H@" X/0;/4)* J, K,-Q %380%%3(83 5')%$[ 6/40)$/( 7/% ):3 12('5$8 %36</(63 /7 34'6)$8 '$%8%'7)=*
J/0%('4 /7 Q3%/('0)$8'4 '(1 B8$3(83* HWTU@GMUUG NH!UGO
 HU" D%S$(* \, Y, -P%'8)0%3=* >(8284/<31$' /7 E:26$86* N>1, B, P40&&3O* ]/4,?D* B<%$(&3%M
?3%4'&* H!UV
 HZ" J/(36* Y,* K'44$('(* Y, J,* -^( ):3 063 /7 6<38$'4 8%'89 )$< 34353()6 $( 8%'8931 34'6)$8
6:33)6=* D()3%(')$/(' J/0%('4 /7 P%'8)0%3* ATUHMZ@* H!WW,
 HW" J/(36* Y,* K'44$('(* Y, J,* -P$($)3 34353() '('426$6 /7 <')8:31 8%'896=* J/0%('4 /7 B)%08M
)0%'4 L38:'($86* WTHGWMHAG* H!W!,
 HV" J/(36* Y,* .'%)3%* B,* L/43()* _,* E$))* B,* - K%'89 <')8:$(&T '( 3[<3%$53()'4 3]'40')$/(
/7 7')$&03 8%'89 &%/S):=* 8/5</6$)3 B)%08)0%36* ZWTFF!MFAV* FGGU,
 H!" J/(36* Y,* K'44$('(* Y, J,* - Q 136$&( 6)0)2 $( 8%'89 <')8:$(&=* P$;%3 B8$3(83 '(1 +38:M
(/4/&2* H@T!!MHHH* H!VH,
 FG" R'(3* J, Q,-./0(1'%2 >4353() Q('426$6 $( >(&$(33%$(& K/()$(005 L38:'($86=, E%3()$83
X'44* `3S J3%632 NH!!@O,
 FH" Ra&4* L, '(1 \'04* _,-Q ;/0(1'%2 34353() 53):/1 7/% )%'(6$3() <$3I/3438)%$8 '('426$6,=
>(&(, Q('4, C$): ./0(1'%2 >4353()6* F@TU!HMU!V NFGGGO
!H
 !!" #$$% &' ('% #$$% )' )'% * +,-./0$ 1$2,3.45 46 74894:.-$ 9,-72 5$9,.5$; ,<08.=.08 9<,-$>%
)405=,< 46 ?4894:.-$ @,-$5.,<:% ABCDEEBFDEGA% !HHI'
 !A" #$J2=.-:J..% K' L'*M2$45N 46 O<,:-.7.-N 46 ,= P=.:4-549.7 O<,:-.7 Q4;N>' R4<;$=FS,N%
K,= +5,=7.:74 TDBGAU'
 !E" #$J2=.-:J..% K' L'*P=.:4-549.7 V<,-$:>' L45;4= ,=; Q5$,72% W$X (45J TDBGYU'
 !I" #4$Z$5% ?' ,=; @,=:05% &' )'*P=,<N:.: 46 -.8$ .=-$/5,-.4= :72$8$: 645 140=;,5N $<$F
8$=- ,99<.7,-.4=: -4 -5,=:.$=- X,3$ 9549,/,-.4= 9541<$8:'> [= Q5$11., ,=; &' K' \$=F
-05.=.% $;.-45:% Q40=;,5N O<$8$=- M$72=.]0$:C P99<.7,-.4=: .= :-5$:: ,=,<N:.: ,=; 2$,-
-5,=:6$5% DHIFD!!% ?4890-,-.4=,< @$72,=.7: V01<.7,-.4=:% K40-2,89-4=' TDBY^U
 !G" #405$=_4% +' P'*P=`<.:$ ;$ a$9,54: ;$ M5.=7, P-5,3b: ;4 @b-4;4 ;4: O<$8$=-4: ;$
?4=-45=4>' ?,89.=,:C c=.3$5:.;,;$ O:-,;0,< ;$ ?,89.=,:% !HHH% BH 9' S.::$5-,_d4
T@$:-5,;4U
 !^" #405$=_4% +' P'% P/0.55$% +'% P<10]0$5]0$% O' #'% K4<<$54% V'*Q40=;,5N $<$8$=- ,=,<N:.:
46 9,=$<: 5$.=6457$; 1N ,;2$:.3$: 9<,-$:>% V547% ?eQO@ !HHA% ?SFae@% Kd4 V,0<4%
Q5,f.<% !HHA
 !Y" @.-72$<<% a'% &44<$N% a' @'% ?2X.50-2% S' )'% *P=,<N:.: 46 ?4894:.-$ 5$.=647$; 70-40-:
,=; 75,7J:>% P[PP )405=,<% D^C^EEF^EB% DB^I'
 !B" V,5-5.;/$% V' &'% Q5$11.,% ?' P' ,=; &541$< #' ?'*M2$ S0,< a$7.9547.-N Q40=;,5N
O<$8$=- @$-24;>' ?4890-,-.4=,< @$72,=.7: V01<.7,-.4=:' K40-2,89-48 TDBBDU'
 AH" V,::,<,7]0,% a' #'*P=`<.:$ ;$ a$9,54: O:-50-05,.: ?489g:.-4: ?4<,;4: c:,=;4 4
@b-4;4 ;$ O<$8$=-4: +.=.-4:>' ?,89.=,:C c=.3$5:.;,;$ O:-,;0,< ;$ ?,89.=,:% !HHB%
DAB 9' S.::$5-,_d4 T@$:-5,;4U
 AD" a,-,X,=.% @'% W'% *P=,<N:.: 46 75,7J$; ,;2$:.3$<<N 14=;$; <,8.=,-$ :-507-05$:>% P[PP
)405=,<% D^CBYYFBBE% DB^B'
 A!" K,</,;4% W' O'% P<.,1,;.% @' R'% * S0,< 5$7.9547.-N 8$-24; 645 -2$ ,=,<N:.: 46 ,;2$F
:.3$<N 9,-72$; :2$$-:>% ?4880=.7,-.4=: .= W08$5.7,< @$-24;: .= O=/.=$$5.=/% DACAB^F
EHI% DBB^'
B!
 !!" #$%&$'() *+ ,+) -%.$/$'.) 0+ 1+) 2 345 /(67'$89 5%5:57; $7$%9<.< (= >8$>?5' <;.ff75'
<455;< 85.7=(8>5' /9 $'45<.A5%9 /(7'5' B$;>45<C) D7;587$;.(7$% E(687$% =(8 *6:58.>$%
05;4('< .7 ,7&.7558.7&) FGHIJKLGMN) IJJO+
 !F" #5?.75) 1+) P$7) Q+) P$<64() 3+) 2 *6:58.>$% <.:6%$;.(7 <;6'9 (= =$;.&65 >8$>? &8(R;4
/54$A.(8 (= >8$>?5' $%6:.7.6: B$75%< 85B$.85' R.;4 STU >(:B(<.;5 B$;>4 6<.7& >(:/.75'
Q,0VS,0C) ,7&.7558.7& S8$>;685 05>4$7.><) FGHGKFJLGKW!) GMMK+
 !K" #4.4) X+ S+) 0(8$7) Q+ $7' *$?$:68$) 3+2,758&9 T5%5$<5 T$;5 $%(7& $ ;4855 '.:57<.(7$%
>8$>? =8(7; .7 $ ;458:$%%9 <;85<<5' /('9+C D7;587$;.(7$% E(687$% (= S8$>;685 05>4$7.><)
!MHNJLIMG YIJOWZ
 !W" 3$87) E+ [+) #45?) \+ ]+) 2-7$%9<.< (= >8$>?5' B%$;5< R.;4 $ /(7'5' B$;>4C) ,7&.7558.7&
S8$>;685 05>4$7.><) FMHIMKKLIMWK) IJJI+
 !N" ^<5>45) E+) #(%%58( U+ $7' -%/6_658_65) ,+ ]+2Q(67'$89 5%5:57; $7$%9<.< (= >8$>?5'
<455;< 85B$.85' R.;4 $'45<.A5%9 /(7'5' $7.<(;8(B.> B$;>45<C) Q535_H D7;587$;.(7$% X(7=+
`7 Q(67'$89 ,%5:57; 35>47._65< Y0+ 1+ -%.$/$'. Y5'+ZZ) U$8.<) YGMMWZ+
 !O" ^<5>45) E+2-7a%.<5 B5%( 0b;('( '5 ,%5:57;(< '5 X(7;(87( '5 U%$>$< '5 T5.<<758 38.7L
>$'$< 5 T5B$8$'$< >(: 0$;58.$% X(:Bc<.;(C+ X$:B.7$<H ^7.A58<.'$'5 ,<;$'6$% '5
X$:B.7$<) GMMN) IWK B+ 35<5 Yd(6;(8$'(Z
 !J" e57) U+) -%.$/$'.) 0+ 1+) P(67&) -+)2 -BB%.>$;.(7 (= '6$% 85>.B8(>.;9 :5;4(' ;B B%$;5<
$7' <45%%<C) ,7&.7758.7& -7$%9<.< R.;4 Q(67'$89 ,%5:57;<) GFHKO!LKJM) GMMM+
 FM" e57) U+) -%.$/$'.) 0+ 1+) P(67&) -+)2 U%$75 <;85<< $7' B%$;5 /57'.7& >(6B%.7& .7 Q,0
$7$%9<.< (= <4$%%(R <45%%<C) D7;587$;.(7$% E(687$% =(8 *6:58.>$% 05;4('< .7 ,7&.7558.7&)
FOHIIMNLIIGK) GMMM+
 FI" e57) U+) -%.$/$'.) 0+ 1+) P(67&) -+)2 Q(67'$89 5%5:57; $7$%9<.< (= >68A5' B$75%< R.;4
$'45<.A5%9 /(7'5' B$;>45<C) D7;587$;.(7$% E(687$% =(8 *6:58.>$% 05;4('< .7 ,7&.7558.7&)
KOHF!LWI) GMM!+
 FG" e.'$&'() d+) -%.$/$'.) 0+ 1+) 2 Q(67'$89 5%5:57; $7$%9<.< (= >8$>?5' B$75%< 85B$.85'
/9 :5>4$7.>$%%9 =$<;575' >(:B(<.;5 B$;>45<C) ,7&.7558.7& -7$%9<.< R.;4 Q(67'$89 ,%5L
:57;<) GKH!!JL!FK) GMMI+
J!
 !"# $%&'() *+), -'fl&/'0/ %1 234/56'( %' 27/ 825/88/8 6' 5/4365 43207/89) :5%0/;;6'(8 %1 27/
"27 -'2/5'326%'3< =%'1/5/'0/ %' >&?/5603< @/27%;8 6' A5302&5/ @/073'608) BC/') D+ E+
F+) / G&H?%%5/) *+ E+ I/;8J) K!LMKNO) P3' *'2%'6%) QR* LSTK+
 !!# $%&'() *+) =352C562(7) D+ F+) E%%U/) D+ :+) , V7/ W%&';35X /</?/'2 ?/27%; 1%5
3'3<X86'( 5/43658 43</2/8 %' 0530U/; fi'62/ 87//289) :5%0/;;6'(8 %1 27/ !27 -'2/5'326%'3<
=%'1/5/'0/ %' >&?/5603< @/27%;8 6' A5302&5/ @/073'608) BC/') D+ E+ F+) / G&H?%%5/)
*+ E+ I/;8J) !Z"M!KS) P3' *'2%'6%) QR* LSST+
S!
